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SUMMARY
This research focuses on the dynamic tensile (spall) properties of aluminum-magnesium
(Al-Mg) alloys. Aluminum alloy 5083 (Al 5083) was used as a model alloy for the work
performed in this study. Al-Mg alloys represent a light-weight and corrosion resistant al-
loy system often used in armor plating. It is desirable to process armor plate material to
yield a microstructure that provides maximum resistance to spall failure due to blast and
projectile impacts. The blast and impact resistance has often been quantified based on the
measurement of the spall strength and the Hugoniot elastic limit (HEL).
The spall properties of Al-Mg alloys were measured for four different microstructural
states resultant from varying processing conditions. The four microstructures include:
(a) textured grain structure from a rolled Al 5083-H116 plate, (b) sub-micron grain struc-
ture produced using equi-channel angular pressing (ECAP), (c) equiaxed grain structure
produced by annealing, and (d) precipitation hardened microstucture from an Al-9wt.%
Mg alloy. Symmetric plate-on-plate impact experiments were performed using an 80 mm
diameter single-stage light-gas gun. Rear free surface velocity profiles were measured during
impact testing using the VISAR interferometry system, from which the spall strength and
HEL were determined. Plate impact experiments were performed through the plate thick-
ness and along all three principal axes of plate specimens. Soft recovery of the specimens
allowed the post-mortem microstucture to be characterized, to identify the spall damage.
The highly textured grain structure of the rolled Al 5083-H116 plate resulted in orien-
tation dependence for both the HEL and spall strength. The spall strength was measurably
higher along the longitudinal direction, due to spall damage occurring both along grain
boundaries and in the direction of impact. The fracture surface for impact in the short
transverse direction showed a mixed mode of ductile and brittle failure, which was not
present in either of the other two impact directions.
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Equi-channel angular pressing (ECAP) produced plates showing a higher HEL and spall
strength as compared to the rolled plates. Subsequent warm and cold rolling after ECAP
further increased the HEL, but at the expense of the spall strength. The specimens rolled
after ECAP also showed spall strength values dependent on orientation, with the through-
thickness direction having the lowest value in both cases. The alignment and cracking of
large inclusions appears to be the dominant cause for the decrease in spall strength through
the thickness of both ECAP and rolled plates
The rolled Al 5083-H116 plate stock was pre-strained and annealed to produce an
equiaxed grain structure. The HEL showed an upper and a lower limit, which can be
attributed to its lower dislocation density. The lower limit of the HEL is below that of the
Al 5083-H116 plate, while the upper limit increases with peak stress and exceeds the HEL
of the original cold rolled plate. The spall strength of the annealed material is higher than
that for Al 5083-H116 rolled plate.
An Al-9wt.% Mg alloy was precipitation hardened using a two-step solution treatment,
to produce the least amount of solute segregation prior to aging, followed by aging at
150◦C. The HEL for this precipitation hardened alloy increased dramatically; however the
spall strength remained unaffected.
The overall results show that grain size is not the most dominant microstructural feature
affecting spall strength in aluminum alloys, when the impact conditions are the same. Tex-
ture, especially if brittle inclusions align along the grains, appears to have the most dominant
effect resulting in decreased spall strength. Furthermore, one-dimensional modeling shows
that the inclusion size and distribution is the controlling factor for void formation during
spalling. Grain size does affect the decompression rate dependence of each microstructure,
whereby smaller grain sizes result in a larger power law exponent for fits of spall strength
versus decompression rate. Unlike the spall strength, the HEL shows an increasing trend
with decreased grain size, as would be expected from a Hall-Petch type effect, indicating that
a smaller grain size is best for penetration resistance. Samples processed using ECAP alone
provide the best combination of spall strength and HEL and therefore the most promise for




Aluminum-magnesium (5XXX series) alloys are a class of light-weight and corrosion resis-
tant alloys that can be significantly strain hardened via cold working. Al 5083, a common
5XXX series alloy with principal alloying elements of magnesium (5 wt.%) and manganese
(1 wt.%), is commonly used for marine applications such as in drilling rigs as well as armor
plating for military transport vehicles.
A useful armor plate material system for transport vehicles should have a high resistance
to dynamic tensile failure, known as spalling, as spall damage is often induced during blast
from embedded explosives or projectile impact. The use of a strain hardenable aluminum
alloy (such as Al 5083), as opposed to precipitation hardened aluminum alloys typically
used in static load-bearing applications, is desirable since precipitation hardened alloys are
prone to damage nucleation near precipitates during spalling.
The spall strength of a crystalline metal is often found to be a function of the combined
effects of grain structure, amount and type of secondary phases, and degree of hardening,
in addition to the experimental impact conditions including stress magnitude, stress pulse
duration, and decompression rate. For metals, spalling often occurs by ductile nucleation,
growth, and coalescence of voids; although, the cracking of brittle inclusions in ductile
materials is a known contributor to the nucleation of voids during spalling. However, the
role of specific microstructural contributors that control spallation in polycrystalline metals
is not fully understood. Past research on the effects of grain size and grain orientation on
spall properties in metals has shown contradictory behaviors, yielding no clear results on
how various microstructural features of different alloys relate to their corresponding spall
strength. In addition, the effects of brittle inclusions and their presence along the grain
boundaries is interconnected with the effects of the grain structure and orientation. The
microstructure of a rolled armor plate is highly textured with the grains lengthening along
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the rolling direction and inclusions aligning along the grain boundaries. This can result in
varying spall properties depending on the impact direction with respect to the plate rolling
direction.
During impact of a plate on a thicker target plate, a state of tension is induced in the
target, which can result in spall failure if the magnitude of the tension generated exceeds
the tensile strength of the material. The interaction of the shock waves within the target
material can be monitored by measuring the back free surface velocity versus time profiles
with a Velocity Interferometer System for Any Reflector (VISAR). The dynamic tensile
(spall) strength and the Hugoniot Elastic Limit (HEL) are respectively determined from
the pullback signal and the elastic-plastic discontinuity. The dynamic tensile strength and
compressive strength (obtained from the HEL) are the two important mechanical proper-
ties associated with blast and projectile impact resistance. Similar to static mechanical
properties, these dynamic properties are also influenced by various microstructural features
generated during processing.
For this project, the spall properties of Al-Mg alloys, with Al 5083 representing the model
system, were investigated for a variety of processing conditions, microstructural states, and
magnesium contents. The overall objective of this research was to determine the influence
of the alloy microstucture on spall resistance. Plate impact experiments are a common high
strain-rate testing method that involve the application of planar shock waves and a state of
uniaxial strain within an impacted target. In the present work, plate impact experiments
were performed to understand the effects of blast and impact damage on Al-Mg alloys
with varying microstructures in a reproducible manner. The experiments were performed
with the impact direction through the alloy plate thickness and along each orientation of the
sample plates to measure the orientation dependent spall behavior. Microstructural features
investigated include: the grain structure and orientation, inclusion and dispersoid phases,
and precipitate phases. Experiments were complemented with one-dimensional numerical
simulations to identify the effects of microstructure on void size prior to complete spall
failure.
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Four key microstructures were investigated in this project. The first microstructure
was that of a rolled Al 5083-H116 plate. This microstructure represents the baseline for
armor plating that is already in service for military transport vehicles. Since the plate was
rolled, the grain structure was highly textured with grains lengthening along the rolling
direction and inclusions and dispersoid phases aligning in this same direction along grain
boundaries. The second microstructure had a highly refined grain structure produced via
equi-channel angular pressing (ECAP), wherein the workpiece is subjected to large shear
strains while maintaining the same cross-sectional area. The spall behavior of large Al 5083
plate specimens having a sub-micron grain structure were tested for samples processed
using both ECAP and rolling. The third microstructure was an equiaxed grain structure
obtained by first straining and then annealing the rolled Al 5083-H116 plate. This removed
the highly textured grain structure of the initial plate to yield a more uniform and equiaxed
grain structure. Finally, the effects of precipitation hardening on the spall properties of
Al-9wt.% Mg alloy were studied to see how precipitate phases effect the dynamic tensile
(spall) and compressive strength properties.
In this thesis, Chapter 2 provides the background information on Al-Mg alloys, dynamic
tensile (spall) failure, and the effects of microstructure on spall properties. The experimental
procedure is described in Chapter 3, followed by the results of the effects of plate thickness
on spall strength and HEL in Chapter 4. The spall behavior of rolled Al 5083-H116 plate,
Al 5083 processed using ECAP, Al 5083 with equiaxed grains, and precipitation hardened
Al-9wt.% Mg are presented in Chapters 5–8. One-dimensional numerical simulations of the
spall behavior of Al-5083 are presented in Chapter 9, followed by a discussion of the spall
behavior of all the microstructures studied in Chapter 10. The conclusions and suggestions




This research focuses on the effects of microstructure on the spall response of polycrystalline
Al-Mg alloys. This chapter discusses the key microstructural features affecting the spall re-
sponse in Al-Mg alloys—namely the grain structure, inclusions, and precipitate phases. Two
novel processing techniques for Al-Mg alloys are discussed—one where the microstructure
can be highly refined through equi-channel angular pressing (ECAP) and one where Al-Mg
alloys can be precipitation hardened. The effects of the key microstructural features on
the dynamic mechanical response are measured experimentally using plate impact testing.
Background on the material response to shock compression during such plate impact test-
ing and the propagation of shock waves (which can ultimately lead to spalling) are also
discussed. Previous research on the effects of microstructure on the spall behavior of poly-
crystalline metals and Al-Mg alloys is discussed with particular emphasis on grain structure
and secondary phases. Computer simulations are used to complement the experimental
plate impact data; therefore, the background also provides analytical models for spall dam-
age in ductile materials. Finally, the effects of experimental impact conditions such as peak
stress, pulse duration, and strain rate on the spall response of ductile materials is provided.
2.1 Al-Mg Alloy Microstructure
Al-Mg (5XXX) alloys are a class of light-weight, high strength, and corrosion resistant alloys
used in cryogenics, marine applications, missile components, and armor plate. The mechan-
ical properties of Al-Mg alloys are imparted by alloying with magnesium and manganese
and by strain hardening. The Al-Mg phase diagram is shown in Figure 1. Alloying with
magnesium results in solid solution strengthening, while manganese additions refine the
grain structure through the formation of grain-pinning dispersoid particles [1]. As shown
in Figure 1, the precipitate phase, β, is stable under ambient conditions for a wide range of
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Figure 1: Al-Mg phase diagram as reported by Mondolfo [3]
magnesium compositions; however, significant precipitation hardening cannot be achieved
for Al-Mg unless the composition is above 10 wt.% [2].
The use of Al-Mg alloys for armor plate, especially for military vehicles, necessitates
research in optimizing this material’s microstructure to achieve maximum resistance to
dynamic failure caused from blast and projectile impacts. Since such armor is typically
manufactured as a rolled plate, the grain structure and the mechanical properties can vary
significantly with orientation in the plate. In addition, secondary phases such as inclusions
and precipitates can be detrimental to the dynamic strength of ductile materials and can also
align along the rolling direction for an armor plate. Therefore, the role of alloy processing on
each of these microstructural features and their effects on the dynamic mechanical properties
for Al-Mg is examined.
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2.1.1 Grain Structure and Recrystallization
Armor plate manufactured from Al-Mg alloys is processed via hot and cold working to yield
the desired shape and degree of strain hardening. During such processing, both recovery
and recrystallization of the initial grain structure can occur. Recovery is the process where
dislocations rearrange to either annihilate or form subgrains. During recrystallization, new
strain-free high angle grain boundaries are formed within the microstructure [4]. For both
processes, the stored strain energy from cold working is the driving force to return to an
as-annealed state.
For aluminum alloys, static recrystallization (SRX) is the normal process by which
strain-free grains are formed [5]. The term “static” denotes that recrystallization occurs
after the hot working process. Dynamic recrystallization (DRX) denotes recrystallization
during the hot working process and is more common for low stacking fault energy metals
[6]. The high stacking fault energy in aluminum results in a corresponding decrease in
the stacking fault width and increased dislocation mobility when compared to low stacking
fault energy metals [7]. The high mobility of the dislocations can result in fast recovery.
Dynamic recovery (DRV) then removes a significant portion of the strain energy imparted
during processing of aluminum alloys, making DRX unlikely. Consequently, most aluminum
alloys can undergo DRV, but not DRX [8]. Some instances of DRX have been reported for
pure aluminum (> 99.99 wt.%) [9–11]; however, this is a result of the highly mobile grain
boundaries in the pure metal as opposed to the less mobile grain boundaries in the alloy
forms [8].
Al-Mg alloys are an exception from this expected recrystallization behavior, in that they
have been shown to undergo DRX [12–15]. The addition of small amounts of magnesium
(near 1 wt.%) can reduce the stacking fault energy in aluminum by a factor of four [16, 17].
This in turn reduces the dislocation mobility, resulting in a larger available dislocation
density during hot working. The dislocations can form tangles that evolve into new high
angle grain boundaries via DRX. Aluminum alloys with high magnesium content (> 5
wt.%) are especially likely to undergo both dynamic and static recrystallization due to a
large driving force from strain hardening [12–15].
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Dynamic recrystallization can proceed by two main methods. The classical method is
known as discontinuous dynamic recrystallization (DDRX), whereby recrystallization occurs
by a nucleation and growth process from induced strains [18]. Existing grain boundaries
then sweep the microstructure to remove dislocations and lower their density. The second
method is continuous dynamic recrystallization (CDRX), which involves the transformation
of sub-grains into new high angle grain boundaries through the continuous accumulation of
dislocations at sub-grain boundaries [6]. The dominant recrystallization process (DDRX or
CDRX) is determined by the competition between grain boundary mobility and sub-grain
formation. For high purity aluminum, the mobile grain boundaries sweep the microstructure
before sub-grains can evolve into high angle grain boundaries, causing DDRX to be the
dominant recrystallization mechanism [8]. In Al-Mg alloys, such as Al 5083, the grain
boundaries are less mobile and recrystallization can occur via CDRX.
Two sub-types of DRX are geometric dynamic recrystallization (GDRX) and particle
stimulated dynamic recrystallization—both of which are possible in Al 5083 [18]. GDRX
is the process where grain boundaries become serrated during hot working, due to the
accumulation of sub-grains at the high angle boundary. If the grain size reduces to less
than three subgrains, the serrations can pinch off from the main grain boundary, resulting
in a new high angle grain [19–25]. Particle stimulated DRX is a form of DDRX, whereby
large particles and inclusions act as the strain nucleation sites for recrystallized grains.
Inclusions must have sizes above 0.5 μm in order to nucleate grains in this way [26–31].
The grain size and orientation have both been shown to affect the spall properties of
polycrystalline alloys [32–40]. As shown in Figure 2, intergranular fracture becomes more
likely with decreasing grain size for spalling of Al-3wt.% Mg. Alloys with higher magnesium
content, which can result in better strain hardening characteristics but also a higher driving
force for recrystallization are investigated in the present work. Therefore, great care must
be taken during hot and cold working of these alloys to yield the proper degree of strain
hardening without resulting in an inhomogeneous grain structure caused by DRX. These
alloys also contain manganese to form grain-pinning dispersoids. The size and distribution
of these phases will also determine whether recrystallization is impeded or stimulated.
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Figure 2: Fracture surfaces due to spalling for an Al-3wt.% Mg alloy with grain sizes of
(a) 29 μm, (b) 44 μm, and (c) 295 μm as reported by Pedrazas et al. [39]. The fracture
type transitions from intergranular to transgranular as the grain size increases.
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2.1.2 Secondary Phases
Al-Mg alloys have an equilibrium precipitate phase, β, that is stable under ambient con-
ditions (see Figure 1); however, this phase does not contribute to strengthening of the
material. Section 2.2.2 will discuss how the β phase can be transformed to a strengthening
phase by changing the magnesium composition. In addition to precipitate phases, brittle
inclusions and dispersoid phases are often present in the Al-Mg microstructure. The larger
inclusions form from trace amounts of iron and silicon present in the melt during casting,
while dispersoids are intentionally formed through alloying with manganese and by solid
state precipitation to control the extent of recrystallization during hot working [1]. For Al
5083, manganese additions of up to 1 wt.% are used to form dispersoids, although scan-
dium and zirconium have also been used for this purpose in other Al-Mg alloys [41]. The
dispersoids impart recrystallization resistance by preventing sub-grain boundary motion
through a process known as Zener drag [42], whereby the large interfacial energy from the
particles exerts a pinning force on the boundary. 5XXX series aluminum, such as Al 5083,
are strengthened via cold working and need recrystallization resistance to maintain a high
enough dislocation density to achieve sufficient strain hardening.
The manganese dispersoids are formed during preheating prior to the hot working pro-
cess by solid state precipitation. The nucleation sites of the dispersoids are controlled by the
solute segregation and diffusion during casting and preheating respectively. In Al-Mg alloys,
manganese dispersoids have been shown to nucleate just inside the dendrite arm boundaries,
due to a favorable composition of both manganese and magnesium in these areas [43]. The
size and spacing of these dispersoids can be controlled by the preheat treatment chosen,
whereby a uniformly dispersed phase is desirable for good recrystallization resistance. This
recrystallization resistance can be reversed if the dispersoids become too large (> 0.5 μm),
as the dispersoids can then become nucleation sites for recrystallized grains due to the strain
field near the interface [26–31]. Therefore, when hot working Al 5083 and similar Al-Mg
alloys, the pre-heat treatment should be chosen such that a significant number density of
dispersoids is formed to yield recrystallization resistance, but these dispersoids should not
be allowed to coarsen such that particle stimulated recrystallization can occur.
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Figure 3: SEM image showing cracked inclusions within the fracture surface of an Al 1100
sample following dynamic spall testing performed by Pedrazas et al. [39]
While dispersoids are useful for refining the grain structure in Al-Mg alloys, they are
also brittle nucleation sites for spall damage [44]. Figure 3 shows an SEM image of the
spall fracture surface in an Al 1100 sample. Damage was found to nucleate preferentially
at cracked inclusions, making them detrimental to the dynamic strength of the alloy. The
extent of inclusions and dispersoids formed in Al-Mg alloys for armor should thus be a
trade-off between grain refinement and spall strength.
2.2 Novel Processing Techniques for Al-Mg Alloys
The two processing techniques discussed in this section, equi-channel angular pressing
(ECAP) and precipitation hardening, were both performed on Al-Mg alloys for this re-
search. The processing approach and the resulting unique microstructures produced are
described next.
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Figure 4: Schematic of an equi-channel angular pressing (ECAP) setup. The workpiece
is pressed through an angular die with no change in cross-sectional area upon exiting the
press such that it undergoes large shear strain.
2.2.1 Equi-Channel Angular Pressing (ECAP)
Equi-channel angular pressing (ECAP), also known as equi-channel angular extrusion (ECAE),
is a processing technique whereby a billet is pressed through an angled die, to obtain large
shear strains with no change in cross-sectional area. A schematic of an ECAP press is shown
in Figure 4.
Processing of metal alloys using ECAP results in severe plastic deformation in the
billet that can refine the grains to sub-micron sizes. The microstructure produced using
ECAP can increase both the alloy strength and ductility through the Hall-Petch effect and
activation of low temperature grain boundary sliding as a deformation mechanism [45].
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Figure 5: Schematic showing three ECAP die geometries for extrusion about a 90◦ angle.
The three die shapes have (a) equal internal and external radius of curvature, (b) a larger
external radius of curvature, and (c) a larger internal radius of curvature. [46]
The properties and microstructure produced in the extruded metal sample depend on the
pressing parameters such as ram speed, die geometry, and temperature. The angle of the
die is often chosen to be 90◦ or 120◦, with the 90◦ geometry resulting in greater deformation
[45]. In addition to the angle of the die, the internal and external radius of curvature (Rint
and Rext) also affect the properties of the extruded material. A schematic showing three
different die geometries for extrusion about a 90◦ angle is shown in Figure 5.
Figures 5(a)–(c) show the die geometries for the case of Rint = Rext, Rint < Rext,
and Rint > Rext respectively, while keeping the internal angle (Φ) and die diameter (D)
constant. Luri et al. [46] processed Al 5083 via ECAP using the three die geometries shown
in Figure 5. Their results showed that the amount of strain imparted to the workpiece
increased with increasing Rint or decreasing Rext or Φ. The amount of damaged regions
(areas with cracks or voids) in the Al 5083 workpiece increased with decreasing Rint or
increasing Rext or Φ. The minimum amount of damage was observed for Al 5083 pressed
using equal internal and external radii, as shown in Figure 5(a). The maximum amount of
damage was observed for Al 5083 pressed using a larger external radius, as shown in Figure
5(b). Thus the geometry shown in Figure 5(a) represents the optimum die geometry, as it
results in the best combination of strain hardening with the least amount of damage for Al
5083 processed using ECAP.
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Figure 6: Schematic showing the different ECAP processing routes, whereby the workpiece
is rotated about the extrusion direction between each pass. Route A involves no rotation.
Route BA involves anti-continuous rotation by 90
◦, and route BC involves continuous ro-
tation by 90◦. Route C involves rotation by 180◦ between passes. The schematic was first
published by Nakashima et al. [47].
Materials processed with ECAP are often subjected to multiple passes through the die to
yield an increasingly refined grain size and to ensure microstructural uniformity [45]. Each
ECAP pass is often followed by rotation about the extrusion direction so that yielding
occurs along planes with different orientations with respect to the workpiece for consecutive
passes. The different procedures for rotating the billet between each pass are referred to as
ECAP routes and are shown schematically in Figure 6.
Route A involves no rotation between each pass, which has been shown to result in a
less uniform microstructure and worse mechanical properties when compared to the other
processing routes [48–50]. Both routes BA and BC use 90
◦ rotation between passes; route
BA uses anti-continuous rotation by ±90◦, whereas route BC uses continuous rotation in
the same direction. Route C uses rotation by 180◦ between each ECAP pass. The ECAP
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Figure 7: Schematic of the equi-channel angular pressing (ECAP) process for a plate
geometry. The various planes in the plate are defined by the plate normal direction (ND)
or through-thickness direction, the transverse direction (TD), and the extrusion direction
(ED). Plate processing routes consist of rotation about the normal direction between each
pass. The schematic was first published by Mishin et al. [52].
processing routes can have a great influence over the grain structure produced in the work-
piece. Most experimental results have shown that route BC results in the most highly
refined and uniform grain structure after pressing. Soliman et al. [48] observed that route
BC resulted in more instances of high angle grain boundaries and a smaller grain size when
compared to route A for Al 1050; however, the tensile and compressive strengths were both
higher for the aluminum processed using route A. Rebhi et al. [51] observed that aluminum
processed using route BC displayed a higher dislocation density than aluminum processed
similarly using route C, due to increased recovery during processing with route C. In addi-
tion, Al 5083 processed using route BC resulted in the best improvement to the mechanical
properties, with route A resulting in significant particle cracking during pressing [50].
ECAP is often performed on rods or bars, which is how the presses are depicted in
Figures 4–6; however, ECAP has also been performed on large plates [52, 53]. Figure 7
depicts how the ECAP die shown in Figure 4 can be modified to perform ECAP on plate
specimens.
The processing route for ECAP on plates is different from that shown in Figure 6.
Instead of rotation about the extrusion direction (ED), plates processed using ECAP are
14
rotated about the through-thickness or normal direction (ND). Mishin et al. [52] used
ECAP to process large Al 1050 plates using both no rotation and consecutive 90◦ rotation
about the normal direction between passes. The microstructures produced by Mishin et al.
[52] both with and without rotation are shown in Figures 8 and 9, respectively, in the form
of EBSD images in each of the three planes shown in Figure 7.
Figures 8 and 9 show that ECAP can produce highly refined grain structures in large
plates similarly to those produced in rods. The average grain size is less than one micrometer
for either case. Rotating the plate by 90◦ between each pass (as shown in Figure 8) results in
a more uniform grain structure throughout the plate. The plate processed without rotation,
shown in Figure 9, has a number of coarse grains with significant sub-grain structure in each
plane of the plate. The plane normal to the through-thickness direction, shown in Figure
9(c), displays a large number of these coarse grains and is the most anisotropic of the three
plate directions. The plate processed using rotation between pressing shows some coarse
grains visible in Figure 8(c), but they are much smaller than the coarse grains visible in
Figure 9(c). Jin et al. [53] used ECAP to process large Al 5083 plates, similarly to Mishin
et al. [52]. Using the route with 90◦ rotation between each pass, they were able to produce
a uniform grain structure with a grain size near 0.4 μm.
ECAP has already been used on aluminum [48, 49, 51, 52, 54–58] and Al-Mg alloys
[46, 50, 53, 59–69] specifically, to yield highly refined grain structures within the material.
Processing using ECAP has resulted in increases to both the strength and ductility simul-
taneously in several cases [50, 55, 69]. Al 5083 processed with ECAP has also displayed
superplastic behavior [60, 61], reaching an elongation near 350% in one test case [61]. Al
5083 also displays strain-rate dependent properties when processed using ECAP [66, 67].
High strain rate mechanical testing using a split-Hopkinson bar versus quasi-static tensile
testing has shown that Al 5083 processed with ECAP becomes more ductile with increasing
strain rates (up to a value of 1.6x103 s−1) [66].
The microstructure of aluminum processed using ECAP is also dependent on the number
and size of brittle particles such as inclusions and dispersoids. Similar to traditional rolling
and extrusion, dispersoid particles help to pin gain boundaries during ECAP and result in a
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Figure 8: EBSD misorientation maps showing the grain structure in each plane of an Al
1050 plate processed using ECAP with 90◦ rotation between passes. The images show
(a) plane X, (b) plane Y, and (c) plane Z depicted in Figure 7. Dark lines represent high
angle grain boundaries, whereas light lines represent sub-grain boundaries. ECAP using
rotation results in a more uniform grain structure than without rotation. [52]
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Figure 9: EBSD misorientation maps showing the grain structure in each plane of an
Al 1050 plate processed using ECAP with no rotation between passes. The images show
(a) plane X, (b) plane Y, and (c) plane Z depicted in Figure 7. Dark lines represent high
angle grain boundaries, whereas light lines represent sub-grain boundaries. ECAP using
rotation results in a more uniform grain structure than without rotation. [52]
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more stable grain structure by slowing the rate of recovery and recrystallization [54, 67, 70].
Since Al-Mg alloys are prone to dynamic recrystallization, dispersoids can be beneficial in
small amounts. Large brittle particles can be detrimental to the mechanical properties of
aluminum processed using ECAP as they can be cracked, creating stress localization sites
[59, 68]. Nikulin et al. [59] observed that the fracture behavior of an Al-6wt.% Mg alloy
processed with ECAP was dominated by such cracked inclusions during tensile testing, with
large voids growing preferentially from the damaged particles.
2.2.2 Precipitation Hardening
Al-Mg alloys are strain hardenable and thus not considered heat treatable; however, it
has been reported that increasing the magnesium content or adding trace additions of
silver can result in a precipitation hardenable system [2, 71–77]. As shown in Figure 1,
the precipitate phase that is stable under ambient conditions for Al-Mg alloys is known
as the β phase and has the chemical formula Al3Mg2 or Al8Mg5 [3]. This phase is not
usually considered to be a strengthening precipitate phase, but for an Al-10wt.% Mg alloy
moderate precipitation hardening was achieved [2]. Adding trace amounts of silver resulted
in increased strengthening above that of the original Al-10wt.% Mg alloy. Furthermore,
cold work in addition to precipitation hardening has been found to result in additional
strengthening [2]. Age hardening has also been achieved in alloys with lower magnesium
content. Specifically, an Al-5wt.% Mg alloy with silver additions has also shown evidence
of precipitation hardening [75]; therefore, age hardening can be achieved with magnesium
compositions similar to that used in Al 5083.
For Al-Mg alloys with silver additions, the hardness maximum has been observed to
be due to a larger volume fraction of a metastable rod-like phase, instead of the expected
β phase. This metastable, T, phase has the chemical formula Mg32(Al, Ag)49 [72]. Age
hardening of Al-Mg alloys with no silver additions has not resulted in the formation of T
phase, and the maximum in hardness is associated with a metastable β′ precipitate phase,
having a hexagonal crystal structure [74]. Cousland and Tate [77] showed that Al-Mg-Ag
alloys should be considered as a ternary system even with only trace amounts of silver. The
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silver additions result in a progression from metastable T’ phases with a quasicrystalline
structure, to the strengthening T phase with a body centered cubic (BCC) crystal structure
[76–78]. The equilibrium β phase has a face centered cubic (FCC) crystal structure. The
additional strengthening in Al-Mg alloys with silver is therefore due to changes in both the
type and volume fraction of the strengthening precipitates.
Precipitates and other secondary phases are usually considered nucleation sites for dam-
age during dynamic loading [44, 79]; however, precipitation hardening has resulted in in-
creased spall resistance in some cases [80]. Previous work has shown that the interaction
between precipitates and brittle inclusions was the key factor in determining damage nu-
cleation during spalling. Figure 10 shows images of spall damage in precipitation hardened
aluminum as a function of aging time. In Figure 10(a), the inclusions are closely spaced, and
in Figure 10(b) the inclusions are widely spaced. Jones [80] found that the spall strength
mirrored the quasi-static hardness trends for the largely spaced inclusions, but spall strength
decreased with precipitation for the closely spaced inclusions. When the strain field from
the precipitates intersected nearby inclusions, spall fracture became easier [80]. For the case
of widely spaced inclusions, the strain field did not intersect the inclusion interface, and the
precipitates yielded an increased resistance to spall damage.
2.3 Shock Compression and Dynamic Deformation
The dynamic or shock compression response of materials is an important subject area for in-
vestigating blast and other impacts on structural components of vehicles. The plate impact
test is a common dynamic testing technique used to induce planar parallel shock waves and
generate a state of uniaxial strain within an impacted target [81]. These simplified loading
conditions allow for the dynamic mechanical properties to be quantified in a controlled and
reproducible manner. Plate impact testing induces high strain rates exceeding 104 s−1 and
large stresses (in the GPa range) within the target which can often result in a material
response that is different than during the more common quasi-static testing methods such
as hardness or tensile testing [81].
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Figure 10: Images of spall damage in explosively detonated hollow cylinders machined from
precipitation hardened aluminum. The aluminum alloys shown have (a) small inclusion
spacing and (b) large inclusion spacing. The aluminum alloy with large inclusion spacing
was found to have increased spall strength due to precipitation hardening [80].
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Figure 11: Idealized shock wave profile showing the rise to peak stress, duration, and release
back to zero stress for the (a) weak shock case and (b) the strong shock case. For a weak
shock, the shock wave is preceded by an elastic precursor, whereby the stress rises up to
the Hugoniot elastic limit (HEL) prior to plastic behavior.
Blast or plate impact loading of materials generates shock waves which significantly
alter the state of materials during their propagation. A shock wave can be defined as a
discontinuity in pressure, density, and temperature (internal energy) [81]. An idealized
schematic of a shock wave profile is given in Figure 11 for the case of a weak shock and a
strong shock. The weak shock case shown in Figure 11(a) is for low peak shock stresses,
whereby an elastic wave precedes the shock wave in the material. For this case, the stress
rises up to the Hugoniot elastic limit (HEL), which is the limiting value of the elastic stress
and is the transition point from elastic to plastic behavior. The shock wave, which causes
plastic deformation, lags behind the elastic wave for this case. After the shock arrives, there
is a rapid increase to the peak stress or pressure. This high stress state is maintained for a
certain duration until it releases back down to a zero stress state. The strong shock case,
shown in Figure 11(b), is for large peak stresses, whereby the shock wave overtakes the
elastic wave with no transition from elastic to plastic behavior.
Across the shock wave front, mass, momentum, and energy must all be conserved.
These conditions lead to the Rankine-Hugoniot [82, 83] equations for conservation of mass,
momentum, and energy, given by Equations 1-3 respectively, for a one-dimensional case of
shock propagation.
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ρ0US = ρ (US − up) (1)
P − P0 = ρ0USup (2)
E − E0 = 1
2
(P + P0) (V0 − V ) (3)
The material density (ρ) and the corresponding specific volume (V) are known quantities,
while the shock velocity, particle velocity (atomic displacement velocity), pressure, and
internal energy (US , up, P , and E respectively) are unknown quantities. Since there are
three independent equations and four unknown variables, another equation is necessary
to relate the properties in front of (subscript 0) and behind the shock front. The fourth
equation is known as the equation of state (EOS) and often takes the form given in Equation
4. This type of EOS is a linear empirical relationship between the shock wave velocity and
particle velocity, having intercept C0 and slope S as constants. The EOS constants are often
tabulated for common materials or can be experimentally measured during plate impact
experiments. The EOS for Al 5083-H116 measured from free surface velocity data during
plate impact experiments is given in Appendix A.
US = C0 + Sup (4)
Using Equations 1–4, any two of the shock wave parameters can be related with no
unknown variables. One such relationship is the induced shock pressure, P , versus the
particle velocity behind the shock front, uP , which is used to generate the P -uP plot often
known as a shock Hugoniot. The Hugoniot is a locus of all possible shock states [81] and is
shown in Figure 12. The line connecting the shock’s end states on the Hugoniot is known as
the Rayleigh line. From Equation 2, the slope of this line is equal to ρ0US which is known
as the material’s shock impedance. Figure 12 displays schematic Hugoniot curves for the
case of symmetric impact (where the impactor and target are the same), and asymmetric
impact (where the materials are different).
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Figure 12: Schematic Hugoniot curve for both symmetric and asymmetric impact at
700 m/s. The particle velocity in the target is half the impact velocity for the symmet-
ric case, while the particle velocity is faster in the lower impedance target material.
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Upon impact, the pressure in the target and impactor must be equal. The shock pa-
rameters in both the target and impactor can both be obtained by using the impedance
matching technique. This technique can be represented graphically by reflecting the Hugo-
niot of the impactor about the pressure axis, followed by shifting the origin in pressure to
the impact velocity, as shown in Figure 12. The intersection of the Hugoniot curves for the
target and impactor gives both the Hugoniot pressure and particle velocity in the target
material. The particle velocity in the impactor is then the difference between this particle
velocity and the impact velocity. As seen in Figure 12, the particle velocity is half the im-
pact velocity for the case of symmetric impact. For the case of a high impedance impactor
and a lower impedance target, the particle velocity in the target is faster than that of the
impactor. Symmetric impact tests are often performed, such that the particle velocity can
be obtained directly as one-half of the measured impact velocity, while asymmetric plate
impact experiments require independent measurement of the particle velocity.
2.4 Spalling
During blast or plate impact experiments a state of dynamic tension may be formed within
the impacted material. Failure due to these tensile stresses is known as “spallation” or
“spalling” and is the primary failure mode for vehicle components subjected to blast waves
or impact loading. Specifically, spalling is a dynamic tensile failure mode that occurs within
the interior of a material due to the interaction of two release—or rarefaction—waves [81].
The material resistance to spalling can be quantified by measuring the degree of damage to
post-impact specimens or by measuring the tensile stress required to initiate spall damage.
This tensile stress is known as the spall strength of the material, which can be measured
from the free surface velocity of the sample along with appropriate approximations [44, 84].
2.4.1 Shock Wave Propagation
In typical plate impact experiments, a flyer plate is impacted against a target plate of
twice the thickness. Elastic and plastic compression waves produced in both the flyer and
target materials propagate and reflect from respective free surfaces. Intersection of the
reflected waves are what control the dynamic mechanical response and eventually spalling
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of the material. The in-situ response of a material to shock waves is not directly measured.
Instead, the diagnostics focus on a particular surface of the material, such as the rear free
surface of the sample. Therefore, any wave produced in the sample will not be detected
until it has traveled through the sample to this surface. For this reason, the interferometry
or stress measurement methods are often used to monitor the velocity (or stress) state at
the sample rear free surface or at the interface between the sample rear surface and a backer
material. The velocity interferometer system for any reflector (VISAR) measures velocity
by taking advantage of the Doppler shift of light that is out of phase; it references reflected
light from a surface to light through a known time lag [85]. Accurate velocity measurements
with nanosecond time resolution can be obtained in this manner. Under uniaxial strain and
constant stress, measurements can be performed using piezoresistive (such as manganin) or
piezoelectric (such as PVDF) stress gauges [86–91].
The wave dynamics during plate impact can be summarized with the Lagrangian dis-
tance versus time (or x-t) diagram shown in Figure 13(a). An example of the resulting
sample rear free surface velocity that is recorded by the VISAR diagnostic system is given
in Figure 13(b). The data presented in Figure 13 was for an Al 5083-H116 sample impacted
near 350 m/s and is representative of the data obtained for other spall experiments on
Al-Mg alloys.
As shown in Figure 13(a), the sample is first impacted at the origin in time. This induces
an elastic precursor and a shock wave in both the sample and flyer plate. For the case of
weak shock (shown in Figure 11(a)), the elastic precursor has a faster velocity (traveling
with velocity CL) than the shock wave (traveling with velocity US) and arrives at the sample
rear surface at time t1. As shown by Equation 4, the shock velocity is dependent on the
induced particle velocity and will increase with increasing impact velocity. After the arrival
of the elastic precursor, the free surface velocity measured from the VISAR system then
shows a rise up to the Hugoniot elastic limit (HEL). The HEL is related to the dynamic
yield strength of the material and is calculated from the free surface velocity at the HEL,
uHEL [81]. The HEL is followed by elastic-plastic yielding, indicated by the gradual rise
in free surface velocity. This is followed by a “bump” in the free surface velocity data due
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Figure 13: Representative example (a) x-t diagram and (b) free surface velocity data for
an Al 5083-H116 sample impacted through the thickness of a rolled plate near 350 m/s
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to a region in time where the elastic precursor has reflected back into the oncoming shock
wave [92]. Just after this region, the shock wave, traveling with velocity US , reaches the
sample rear free surface at time t2. The shock wave arrival results in a rapid increase in
free surface velocity up to the peak velocity.
As the shock waves reach the flyer plate and sample free surfaces, they are reflected
backwards as rarefaction waves—also known as release waves. As shown schematically in
Figure 11, the release wave reduces the material back to zero stress. The arrival of the
plastic release wave occurs at time t3, which is preceded by an elastic release wave. A
slight inflection in the free surface velocity data during the release from the peak velocity
corresponds to the transition from an elastic to plastic release. Aluminum often displays
quasi-elasticity during release, whereby the transition from elastic to plastic behavior is not
abrupt and displays an average release slope over the expected elastic and plastic regions
[93].
It can be assumed that the head of the release wave travels with the material’s longi-
tudinal sound speed, CL, whereas the tail of the release wave travels with the bulk sound
speed, CB. These are measured material properties that can be obtained with standard
ultrasonic testing methods. The intersection of these two release waves creates an area of
tension over a region as indicated by the x-t diagram. If the tensile stress is large enough,
the material will fail and spalling will occur. This will result in formation of a new free
surface at the spall plane and generation of a recompressive spall pulse. The spall pulse
arrives at the sample rear free surface at time t4, followed by a characteristic “pullback” in
velocity that is indicative of spalling. The change in free surface velocity from the peak to
the first minimum (Δufs) is known as the pullback velocity and is a measure of the spall
strength of the material. It can be assumed that this spall pulse travels with the longitu-
dinal sound speed within the spalled layer. The smaller peaks seen after the free surface
velocity maximum are known as ringing and are due to the spall pulse reverberating within
this layer after failure has occurred.
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2.4.2 Calculation of HEL and Spall Strength
Both the Hugoniot elastic limit (σHEL or HEL) and spall strength (σspall) can be calculated
from the measured sample rear free surface velocity (u) profile like that shown in Figure








ρ0CB (Δufs + δ) (6)
The density (ρ0) and sound speeds (C) are measurable material properties. The free
surface velocity at the HEL, uHEL, and the change in velocity from the peak to the pullback
minimum, Δufs, can be obtained from the free surface velocity data as shown schematically
in Figure 13(b). Attenuation of the wave from the spall plane to the rear surface (a distance











Equation 7 depends on the rate of change of the free surface velocity before and after
the velocity pullback due to spall (denoted with subscripts 1 and 2 respectively). These
two slopes account for elastic-plastic effects from the plastic release wave (with velocity u1)
before the pullback and the elastic recompression wave (with velocity u2) after the pullback.
The spall strength is often plotted as a function of the peak stress (σpeak). For symmetric
plate impact experiments the particle velocity is half of the measured free surface velocity.
For such an impact scenario, σpeak becomes a summation of the stresses from the elastic
and plastic loading regimes and is given by Equation 8.
σpeak = σHEL + σplastic = ρ0CLue +
ρ0 (US − ue) (up − ue)
1− ueCL
(8)
Equation 8 is the same as that used by Boteler and Dandekar [92, 94] for plate impact
of Al 5083. The elastic and plastic stresses are calculated from the particle velocities at
the HEL and peak velocity respectively (ue and up). The shock wave speed (US) can be
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calculated using the known sample thickness, elastic wave speed (CL), and the arrival times
t1 and t2, as shown schematically in Figure 13.
2.5 Spalling of Polycrystalline Metals
The spall strength of a polycrystalline metal is a function of the grain structure, amount
and type of secondary phases, and degree of hardening, in addition to the experimental
impact conditions such as stress magnitude and pulse duration [44, 79]. Previous work
on other metal alloys has shown that precipitates can be nucleation sites for spall [79];
however, as shown in Figure 10, precipitation hardening has increased spall resistance in
other aluminum alloys with large inclusion spacing. Microstructural examination of post-
impact Al 5083 samples has revealed that spalling often initiates at brittle inclusions [35].
The effects of the grain size on the spall strength of polycrystalline metals are often complex.
In some cases, the spall strength has obeyed a Hall-Petch type relationship, with smaller
grains resulting in higher spall strength [36]. In other cases, the spall strength increased
with increasing grain size [37, 38]. In one case, Al-3wt.% Mg samples with varying grain
sizes showed no dependence of spall strength on grain size; however, the propensity for
transgranular fracture increased with increasing grain size [39, 40].
Metal plates formed through rolling have a resultant grain structure that aligns along
the rolling direction, yielding “pancake” shaped grains. For textured grain structures such
as these, the spall strength has been shown to vary depending on the plate orientation with
respect to impact [32–34]. In some cases impact along the longitudinal direction resulted in
a higher spall strength as compared to impact through the thickness of the plate [32, 33],
while in other cases the reverse was observed [34]. In one case the spall strength increased
with impact stress for impact in the longitudinal direction, while it decreased with impact
stress for impact through the thickness [34]. A study on Al 5083-H32 has shown no spall
strength difference based on impact orientation with the rolled plate [35]. It is possible that
the effects of inclusions, grain size, and grain orientation all contribute to the spall strength
in an interconnected fashion, resulting in the somewhat confusing results described above.
For instance, in the case of eutectoid steel, it was shown that brittle particles align along the
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rolling direction similarly to the grains. These brittle particles, not the grains themselves,
control the spall strength’s orientation dependence for this material [32, 33].
Few spall tests have been performed on Al-Mg alloys specifically. As opposed to plate
impact testing, several past experiments have focused on penetration resistance of Al 5083
[95–98]. Recently the spall strength and Hugoniot elastic limit (HEL) of Al 5083 were
reported for the armor grade tempers H131 and H32 [35, 92, 94]. The spall strength data
for Al 5083-H131 is presented in Figure 14 as a function of peak stress. It can be seen that
the spall strength of Al 5083-H131 displays little peak stress dependence. The average spall
strength and HEL were reported as 0.936 GPa and 0.573 GPa respectively for peak stresses
between 1.5 and 8.0 GPa. For Al 5083-H32, the spall strength and HEL have been reported
as 1.23 GPa and 0.60 GPa over a similar stress range [35]; however, the HEL was reported
as 0.40 GPa in a different study [94]. The H131 and H32 tempers are both similarly strain
hardened, but the H32 temper is given an annealing treatment after cold work. The spall
strength for the O temper of Al 5083 is also presented in Figure 14 and has a value of
1.6 GPa, which is significantly higher than either armor grade system [99]; however, the
spall strength of ductile materials greatly depends on the experimental impact conditions,
making it difficult to compare spall strength values reported by different research groups.
For the spall experiments performed on Al 5083 to date, most samples have been oriented
such that impact is through the thickness of a rolled plate. The microstructure (which will
affect the spall properties) is orientation dependent for rolled plates, which necessitates
impact along multiple orientations to gain a full understanding of the spall response. In one
case, plate impact with Al 5083-H32 samples was performed such that impact was through
the thickness and along the longitudinal (rolling) direction of a plate. Micrographs of the
post-impact spall damage for impact along the through-thickness and longitudinal directions
are presented in Figures 15 and 16 respectively. For those experiments, the spall strength
had no apparent dependence on orientation with respect to impact [35]. Impact along the
longitudinal direction (Figure 16) resulted in more instances of transgranular fracture, as
opposed to the intergranular fracture observed when impacted through the thickness (Figure
15); however, the spall strengths were within the measured error for both orientations. The
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Figure 14: Spall strength of Al 5083-H131 reported by Boteler and Dandekar [92] with the
spall strength of Al 5083-O included [99]
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Figure 15: Optical microscope images taken by Appleby-Thomas and Hazell [35] of spall
damage in post-impact Al 5083 samples. The impact direction is up the screen, and was
performed through the thickness of a rolled plate. The white and red arrows correspond to
primary and secondary spall planes respectively.
authors speculated that the spall strength was significantly higher than the transgranular
fracture strength, making fracture type an insignificant factor for the spall strength of Al
5083-H32 [35].
2.6 Spall Damage Models
Numerous quantitative models accounting for the extent of damage produced during spalling
have been developed. Failure due to ductile and brittle modes caused by spalling are shown
in Figure 17. For metals, spalling often occurs by ductile nucleation, growth, and coalescence
of voids as seen in Figure 17(b) as opposed to microcracking shown in Figure 17(a) , which
is considered a brittle fracture mechanism [100]; however, the cracking of brittle inclusions
within ductile materials is a known contributor to the nucleation of voids during spalling
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Figure 16: Optical microscope images taken by Appleby-Thomas and Hazell [35] of spall
damage in post-impact Al 5083 samples. The impact direction is up the screen, and was
performed along the rolling direction of a rolled plate. The white and red arrows correspond
to primary and secondary spall planes respectively, and dashed circles correspond to regions
exhibiting transgranular fracture.
[32, 33, 35, 37, 39, 40, 44, 79, 101]. Spall damage models thus quantify the nucleation and
growth rates of damage (either voids or microcracks) during spalling as a function of the
stress state.
2.6.1 Davison and Stevens Models
Davison and Stevens [102] developed a continuum spall damage model that accounts for
continuous measures of damage throughout the spalling process. For continuous damage
accumulation, spalling depends on the history of the continuum field variables, whereas,
instantaneous spall damage only depends on current values of the continuum field variables.
Davison and Stevens [102] further categorized continuous damage accumulation into simple
and compound damage accumulation. For simple damage accumulation further damage
formation is independent of damage history, while for compound damage accumulation,
further damage formation is dependent on the damage history.
The simple damage accumulation model may be explained using Equations 9 and 10.
In Equation 9, the time to produce a specific level of damage, D0, is τ̂ . This time decreases
with increasing tensile stress, σ. The simple damage model states that any increment of
damage, ΔDi, will require a time, Δti, that is independent of any previous level of damage.
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Figure 17: Optical microscope images of (a) brittle spall damage in a low carbon steel






The total level of damage as a function of location (x) and time (t) may be obtained by
integrating Equation 9 over the total time period of damage accumulation to yield Equation
10.
D (x, t) = D0
∫
dt
τ̂ [σ (x, t)]
(10)
Davison and Stevens [102] used an inverse power law function to describe the time
dependence of spalling. This equation was initially presented by Tuler and Butcher [103]
and is shown in Equation 11; it uses a critical tensile stress (σ0) below which no damage
will be produced. The variable, λ, is a material dependent parameter that describes the
degree to which spalling is time dependent.
τ̂ = τ
[




Equations 10 and 11 give a simple estimate of the time, stress, and location dependence
of spall damage, whereby previous damage does not affect the current values. A more
realistic model would result in faster damage accumulation once existing damage has been
formed. The compound damage model of Davison and Stevens [102] uses a damage rate
function, Ḋ, that is a function of the stress and the current level of damage, D. This
damage rate function is for low amounts of spall damage (incipient spall), such that Ḋ
can be approximated by a first order power expansion from the non-spalled state. The










For a constant stress level, Davison and Stevens [102] attributed the following values to




τVNBσG (Σ− ΣN + |Σ− ΣN |) (13)
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(σN − σG + |σN − σG|) (16)
In Equations 13-16, τ, VN , B, C, σG, and σN are all material constants, with σG and
σN as the threshold stresses required for damage growth and nucleation respectively. By
inserting Equations 13-16 into Equation 12 and solving for D, Davison and Stevens [102]
derived Equation 17 as the model for compound damage accumulation during spalling.
D =
BVN (Σ− ΣN + |Σ− ΣN |)
6CΣ
[exp (3CσGΣt)− 1] (17)
Equation 17 describes a generic model for damage accumulation due to nucleation and
growth of any quantified damage parameter. It was not calculated based on microscopic
observations of damage in spalled samples. A more experimentally rigorous spall damage
equation was derived by Barbee et al. [104] as a part of the Stanford Research Institute
(SRI) spall damage model. The SRI model presented in the next section reaches the same
equation for damage accumulation shown in Equation 17 from experimental quantification
of damage size distributions in spalled samples.
2.6.2 Stanford Research Institute Model
The Stanford Research Institute (SRI) spall model was developed by Barbee, Seaman,
Crewdson, Curran, Shockey, and co-workers [44, 100, 104–106]. The model is based on
calculating nucleation and growth rate functions for voids or microcracks based on statistical
counting of flaws in impacted specimens. The methodology used to derive the SRI model
is summarized by Barbee et al. [104] in a number of steps and is shown below.
1. Perform plate impact testing to produce spalling in target specimens.
2. Section and polish the post-impact specimens to view spall damage.
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3. Count the position, size, and orientation of each flaw (either voids or microcracks)
and group the data into appropriate areal size distribution bins.
4. Transform the areal distributions of spall damage into volume distributions.
5. Calculate the nucleation rate (Ṅ) and growth rate (Ṙ) of the damage for each impact
velocity (or impact stress) from the volume distributions.
An example of the volume distributions calculated from a plate impact test on Al 1145 is
shown in Figure 18. For a single plate impact test such as that shown in Figure 18, a family
of void size distributions can be generated based on their location within the sample. The
nucleation rates (Ṅ) and growth rates (Ṙ) can be obtained from data similar to that shown
in Figure 18 by finding the intersections of the data with lines of constant size and constant
volume distribution respectively. For each location within the sample (represented by a
single distribution curve in Figure 18), the pulse duration will be different, which will yield
the time (t) dependence of the spall process. If multiple plate impact tests are performed
using a variety of impact velocities, then the stress (σ) dependence of damage accumulation
can also be found in this way.
The equations describing the extent of damage and the nucleation and growth rates
of damage during ductile spalling are listed below in Equations 18-22. These equations
describe the nucleation and growth of spherical voids due to yielding of a ductile matrix.
The growth of microcracks in brittle materials is dominated by the fracture toughness of

















Figure 18: Void volume distribution data from post-impact Al 1145 samples. The data was
originally published by Antoun et al. [44] and is presented as the volume density of voids
greater than a given void radius (R).
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Ṙ = AR (21)
R = R0exp (At) (22)
The void volume fraction (fV ), shown in Equation 18, is a measure of the total extent of
damage. This equation derived by the SRI research group [44, 100, 104–106] using the void
counting techniques described above is similar to the generic damage parameter derived
by Davison and Stevens [102] shown in Equation 17. Similar to the Davison and Stevens
model, the SRI model uses threshold stresses for nucleation and growth of voids (σn0 and
σg0 respectively). The variables σ1 and Ṅ0 are material fitting parameters, whereas η and
R0 are the material viscosity and smallest visible void size respectively. Barbee et al. [104]
used a value of 1 μm for R0 for plate impact testing of Al 1145.
2.6.3 Cochran and Banner Model
Cochran and Banner [107] developed a one-dimensional computational spall model that was
compared to experimental data from plate impact tests on uranium. This Lagrangian, finite
difference code employed both a Gruneisen equation of state and an elastic-plastic yielding
model. The model also accounts for the transition from the initial compression state to
the tensile state through an additional model for the Bauschinger effect [107]. The spall
damage model is simple—having only two parameters—the spall strength (Σ) and a critical
damage parameter (D0) that is related to a strength function (F ). The strength function
reduces the strength (σ) of the material as the extent of damage (D) increases, similarly to
the compound damage accumulation model described by Davison and Stevens [102]. The
variables σ and F are given by Equations 23 and 24 respectively.









Similar to the SRI model, Cochran and Banner [107] used a statistical representation
of damage to yield the continuum material response to spalling. For the SRI model, the
volume fraction of voids or cracks was used as the damage parameter. For the case of one-
dimensional simulations, the damage is reduced to the volume per unit area (A) normal to
the strain. Once the damage reaches the critical value (D0), given by Equation 25, both
F and σ go to zero. This is meant to model the fast fracture of ductile materials following
void coalescence. For failure of ductile materials, r2 is the characteristic void size before
coalescence will occur, and N0 is the total number of flaws. The exponent in Equation 24
is for ductile spalling only; however, the expression can be modified to account for spalling







The Cochran and Banner [107] model has shown good agreement with the measured
free surface velocity during plate impact experiments on uranium. The simulated and
experimental data are both shown in Figure 19. The good agreement between the model
and the measured results implies that this model is useful for one-dimensional simulations
of spalling in ductile materials.
2.7 Effects of Peak Stress, Strain Rate, and Duration on the Spall
Strength and Hugoniot Elastic Limit of Ductile Materials
Spall strength values for a given material are often presented as a function of the peak stress
in the literature. The peak stress induced within an impacted specimen will depend both
on the impactor material and the impact velocity as shown in the schematic Hugoniot curve
in Figure 12. However, the decompression strain rate during spalling is another parameter
that has been shown to affect the spall strength of a material [44]. The decompression rate
will change with impactor type and impact velocity, similarly to the peak stress, and will
also change with target sample thickness. Spall strength has also varied with changes to
the peak stress duration [109], which can be changed by varying the flyer plate thickness in
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Figure 19: Simulated (solid line) vs. experimental (dotted line) free surface velocity data
for spalled uranium samples as reported by Cochran and Banner [107]
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a plate impact experiment. The HEL has also shown strain rate dependence, whereby the
elastic precursor decays with increasing sample thickness.
The dependence of the spall strength and HEL on the impact experimental setup sug-
gests that these values should not be considered to be material properties. Instead, com-
parisons between the HEL and spall strength for different materials should only be used
when the impact setup is similar.
2.7.1 Effects of Peak Stress on Spall Strength
The spall strength is often presented as a function of the peak stress; however, the spall
strength of ductile materials does not often change due to the peak stress alone. For brittle
materials, where sudden catastrophic failure often occurs, the spall strength is often peak
stress dependent [44, 110]. The spall strength of ductile materials may be peak stress de-
pendent if the material undergoes a high pressure phase change, whereby the spall strength
will display a sudden change at the phase transition pressure [44]. Aluminum does not
undergo a high pressure phase change; however, all ductile materials display peak stress
dependent spall strength at shock pressures large enough to induce melting (which is itself
a phase change). Figure 20 displays the spall strength of tin as a function of the peak stress
for peak stresses large enough to induce melting. For peak stresses less than 10 GPa, tin
displays little peak stress dependence, but for peak stresses above 10 GPa melting occurs
and the spall strength falls to zero. The peak stress required to melt aluminum is beyond
the capability of the facilities used for this research, so there should be little peak stress
dependence for the measured spall strength values.
2.7.2 Effects of Decompression Strain Rate on Spall Strength
The spall strength often shows strain rate dependence for ductile materials [44]. The strain
rate of interest is not the incident compressive strain rate as the material rises to the peak
stress, but instead it is the decompressive strain rate as the material falls from the peak
compressive state into the tensile state that causes spallation. This strain rate (ε̇) is given
by Equation 26 and can be directly measured using the time gradient of the release in the
free surface velocity data (u1 in Figure 13). The strain rate in Equation 26 is actually the
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Figure 20: Spall strength of tin as a function of the peak stress for stresses large enough
to induce melting. As melting occurs, the spall strength falls to zero. [44]
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Figure 21: Spall strength as a function of decompressive strain rate for several ductile
materials. The spall strength displays a power law strain rate dependence for each ductile
material. The power law function is fit to the data for each material and appears as a
straight line for the log-log axes used. [44]
rate of change of the volume (V ) normalized by the initial volume, which yields the rate of








The spall strength of several ductile materials as a function of the strain rate given in
Equation 26 is shown in Figure 21. Each ductile material type shows an increasing spall
strength with decompressive strain rates spanning several orders of magnitude. For such a
wide range of strain rates, it has been shown that spall strength of ductile materials displays
a power law dependence [44]. These power law fits are included in Figure 21 and display a
good fit to the measured spall strength trends over such a large strain rate range.
The decompressive strain rate in an impacted target will change with changes to the
impactor material, impact velocity, or target thickness; however, the impactor material and
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Figure 22: Spall strength as a function of decompressive strain rate for aluminum AD1
samples impacted using a wide range of strain rates and peak stresses. The peak stress is
listed next to each datapoint. Two experiments were performed at a peak stress of 50 GPa,
with one of the experiments performed at high temperature (450◦C) to induce melting.
The results show that aluminum is highly dependent on the strain rate but not on the peak
stress unless melting has occurred. [44]
velocity will also determine the peak stress value, which can lead to uncertainty as to which
parameter (strain rate or peak stress) results in changes to the spall strength. Kanel et al.
[44] performed a series of experiments on an Al-Mg alloy (aluminum AD1) using a variety
of both peak stress and decompressive strain rates. The results are plotted in Figure 22.
Kanel et al. [44] impacted the aluminum samples using a gas gun and using explosively
driven flyer plates to give a wide range of both peak stresses and strain rates. Figure 22
clearly shows that the spall strength of aluminum displays a strong dependence on the
decompressive strain rate for any peak stress value. The peak stress does not appear to
play a role in the spall strength values presented in Figure 22. This is evidenced by the fact
that similar peak stress values of 5.4 GPa and 4.8 GPa resulted in widely different spall
strength values of approximately 1.0 GPa and 1.4 GPa respectively, due to large differences
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in the strain rate. Furthermore, similar spall strength values near 1.2 GPa were measured
for widely different peak stress values of 5.0, 10.4, and 17.4 GPa at a similar strain rate.
Two experiments were performed near 50 GPa, whereby one of the specimens was heated
to 450◦C prior to impact. The heated specimen displayed a large decrease in the spall
strength compared to the room temperature specimen at a similar strain rate value. The
decreased spall strength was due to melting induced by the combination of pre-heating and
impacting with a large peak stress, similarly to the spall strength of tin shown in Figure
20. Therefore, the spall strength of aluminum displays no strong dependence on the peak
stress accept for the case where the peak stress is large enough to induce melting.
2.7.3 Effects of Shock Duration on Spall Strength
The peak stress duration has also been shown to affect the spall strength of ductile materials.
Since spalling of ductile materials requires the time-dependent processes of nucleation and
growth of voids [44], it is to be expected that the time at the peak stress would play some role
in the failure process. Gray et al. [109] used both triangular stress pulses (Taylor waves),
where the material immediately releases from the peak stress, and square-topped waves
(like those shown in Figure 11) with a duration near 0.9 μs to measure the spall properties
of a ductile 316L stainless steel. The longitudinal stress traces recorded by manganin stress
gauges located at the interface between the stainless steel rear surface and a PMMA backer
are shown in Figure 23.
Gray et al. [109] impacted the stainless steel specimens at peak stresses of 6.6 GPa,
10.2 GPa, and 14.5 GPa using both square-topped waves and Taylor waves at each peak
stress value. As Figure 23 shows, spalling occurred for each of the three peak stress values
using square-topped waves, as evidenced by the pullback in the longitudinal stress traces.
However, the material did not spall until the maximum peak stress value measured (14.5
GPa) when using Taylor waves. The data shows that decreasing the stress duration causes
the spall strength to increase. In fact, a similar level of damage was measured for impact
using the square-topped wave at 6.6 GPa as was measured for impact with the Taylor wave
at 14.5 GPa—more than double the peak stress value [109].
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Figure 23: Longitudinal stress gauge traces for stainless steel impacted using Taylor waves
and square-topped waves of the same peak stress. For a given impact stress, the spall
damage was higher for impact using square-topped waves, indicating that decreased stress
duration results in higher spall strength. [109]
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Gray et al. [109] observed similar levels of damage (indicating similar spall strength
values) for similar stress impulses measured using the area under the stress time curve up
to the pullback signal. The area under the stress curves for the sample impacted using a
square-topped wave at 6.6 GPa and the sample impacted using a Taylor wave at 14.5 GPa
are shown in Figure 24. Since both the stress impulses and spall damage levels were similar
for the two experimental gauge traces shown in Figure 24, the results indicate that the
stress impulse is indicative of the measured spall strength value when both peak stress and
duration are varied for ductile materials.
For the spall damage studies performed by Gray et al. [32], the duration was varied by
several orders of magnitude. Chen et al. [38], performed several plate impact experiments
on aluminum whereby the duration was changed but kept on the order of one microsecond.
For those experiments, the spall strength did not depend on the duration, but instead varied
with the decompression rate which changed with sample thickness. It is possible that the
spall strength of ductile materials only depends on the duration when the duration is very
short. Once the material has enough time to nucleate and grow voids, the duration should
no longer affect the spall strength. This would account for the differences in the data
presented by Gray [32] that used short durations and observed duration dependent spall
strength versus that presented by Chen et al. [38] that used long durations and observed
duration independent spall strength.
For the case of brittle materials, Escobedo et al. [110] have shown that the spall strength
and damage level of brittle tungsten heavy alloy samples did not depend on shock duration.
Instead, the spall behavior was heavily dependent on the peak stress level. Since brittle
fracture is often characterized by abrupt catastrophic failure due to cracking, rather than the
time-dependent process of nucleation and growth of voids, the trends in the spall strength
for brittle versus ductile materials match well with their underlying failure mechanisms.
2.7.4 Elastic Precursor Decay and Strain Rate Dependence of the Hugoniot
Elastic Limit
The Hugoniot elastic limit (HEL) of aluminum has also shown dependence on the target
thickness [111–113]. This phenomenon is referred to as “precursor decay” in the literature,
48
Figure 24: Longitudinal stress gauge traces for stainless steel impacted using a similar
stress impulse. The impulse was calculated using the area under the stress time curve up
to the pullback signal. For the two traces shown, both the stress impulse and level of spall
damage were similar, indicating that similar stress impulses will result in similar measured
spall strength values. [109]
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Figure 25: Free surface velocity vs. time for Al 1060 samples displaying upper and lower
yielding. The upper yield point increases with increasing impact velocity. [113]
and is characterized by a steep drop in the HEL as target thickness increases along with
upper and lower yielding at the HEL. The phenomenon was initially reported by Barker et
al. [85] for experiments on annealed Al 1060 samples. The free surface velocity near the
HEL that was reported by Barker et al. [85] is shown in Figure 25.
Each velocity trace in Figure 25 displays both an upper and lower yield point near the
HEL. The upper yield point increases with increasing impact velocity, indicating that the
phenomenon is rate dependent. Nicholas et al. [114] were able to use computer simulations
to prove that the precursor decay phenomenon is not possible without using a strain-rate
dependent mechanical model, which fits well with the upper yield point’s rate dependence.
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Figure 26: HEL data as a function of sample thickness for Al 1060 samples. The HEL
quickly decays with increasing sample thickness to a near constant value. [112]
Arvidsson et al. [112] impacted Al 1060 samples as a function of the target thickness.
The HEL value fell from 1.06 kbar for a 1.38 mm thickness to a value of 0.53 kbar for a
9.68 mm thickness. The HEL data measured by Arvidsson et al. [112] along with similar
data on Al 1060 is presented in Figure 26.
Figure 26 shows that the HEL rapidly decreases to a near constant value as thickness
increases. Billingsley [111] calculated that the decay limit of the HEL, where the HEL
reaches a constant value at large thicknesses, is limited by the DeBroglie wave velocity (V1)






In Equation 27, h is Planck’s constant, and m and d are the mass of one atom in the
unit cell and the closest atomic distance respectively. The DeBroglie velocity limiting HEL
(PV1) is then given by Equation 28.
PV1 = ρ0CLV1 (28)
Billingsley [111] reported that this limiting HEL value matched the experimental HEL
values measured for iron, Al 6061-T6, PMMA, a nickel alloy (MAR-M200), and lithium
fluoride.
While the physical cause of elastic precursor decay has not yet been ascertained, it is
often attributed to the initial high stress required to nucleate dislocations near the impact
surface followed by ease of yielding after dislocations have already been nucleated [112].
This explanation accounts for the rapid decrease in HEL as the wave moves away from the




The overall goal of this research is to investigate the effects of the microstructure of Al-Mg
alloys for enhanced spall resistance. To achieve this goal, a variety of microstructures were
produced using several different processing techniques and characterized both before and
after dynamic impact loading. The dynamic mechanical properties of the Al-Mg alloys
were measured using plate impact experiments and one-dimensional computer simulations
using proper spall damage models. Following plate impact, the post-mortem microstructure
was characterized to observe the damage pathways taken during dynamic failure as well as
to identify the microstructural features that nucleate spall damage. Size distributions of
damage were also used to compare the observed post-mortem damage to that predicted
during spall simulations.
3.1 Materials
Several Al 5083 plates were tested in different tempers, signifying different conditions of
processing. The principal alloying elements in Al 5083 are Mg and Mn, having compo-
sitions of 4.0-4.9 wt.% and 0.4-1.0 wt.%, respectively. The Mg content results in strain
hardenability for the alloy, while Mn additions form dispersoid phases that refine the grain
structure. An Al 5083-H116 rolled plate was acquired from McMaster-Carr as a 0.75′′ (ap-
proximately 19 mm) thick plate. The H116 temper designation denotes that the material
was strain hardened. The spall properties of the H116 plate will be presented in Chapter
5. Materials processed via equi-channel angular pressing (ECAP) used Al 5083-H321 as
the initial billet. The H321 temper denotes that the material was strain hardened followed
by a partial annealing treatment yielding identical mechanical properties as the H116 tem-
per of Al 5083 [115]. The spall behavior of Al 5083 processed using ECAP is presented
in Chapter 6. The Al 5083-H116 plate was also used as the starting material for another
set of specimens processed to yield equiaxed grains. The spall properties for this equiaxed
53
Figure 27: Flowchart showing the connection between processing, microstructure, and spall
response for Al-Mg alloys
grain structure are presented in Chapter 7. One set of experiments used an Al-9wt.% Mg
alloy with trace additions of Ag. The as-received plate was indirectly extruded by Univer-
sal Alloys, Inc., while some specimens were later precipitation hardened. The precipitation
hardening behavior and the spall behavior of this alloy are presented in Chapter 8.
This research focuses on the interplay between processing, resulting microstructure, and
spall response of Al-Mg alloys (such as Al 5083) with varying Mg content, as illustrated
in Figure 27. The processing parameters shown in Figure 27 each result in microstruc-
tural changes that can either increase or decrease the spall strength. Therefore, the key
microstructural features that affect the spall strength were characterized via optical and
scanning electron microscopy after each stage of processing and related to the spall re-
sponse of the material measured by plate impact experiments.
The effects of each processing step on the microstructure of Al-Mg alloys is as follows.
The extent of hot and cold working will determine the final grain structure as well as the
strength of the finished product. Al-Mg alloys for armor are often produced in plate form,
which will yield a textured grain structure with varying mechanical properties based on
impact direction with the rolled plate. The three principal directions of a rolled plate
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(longitudinal, short transverse, and long transverse) are shown schematically in Figure
28 along with the grain shape produced in each plane of the plate. Furthermore, brittle
particles such as inclusions formed during casting or dispersoids formed during the pre-
heat treatment align along grain boundaries in the rolling direction of rolled plates. In
this project, one of the tested materials was a rolled Al 5083-H116 plate having a textured
microstructure. A more uniform and sub-micron grain structure was produced via equi-
channel angular pressing (ECAP) of an Al 5083-H321 plate. In addition, a uniform grain
structure with moderately-sized (34 μm) grains was formed by stretching and annealing the
rolled Al 5083-H116 plate. The effects of grain and inclusion size and orientation were all
of interest for these three sample types.
An Al-9wt.% Mg alloy with trace amounts of silver was precipitation hardened in or-
der to measure the effects of precipitate phases on the spall properties of Al-Mg alloys.
Increasing the magnesium composition can result in a precipitation hardenable system for
Al-Mg alloys, but this can also lead to dynamic recrystallization of the material during hot
working. Therefore, the extent of precipitation hardening was of interest, in addition to
any changes to the grain structure due to recrystallization. Age hardening can result in in-
creased alloy strength when measured quasi-statically; however, precipitate phases may also
decrease the spall strength—especially if these are located near the brittle particles. The
microstructure of the precipitates and grain structure and their effects on spall properties
were thus characterized for this stage.
3.2 Microstructure Characterization
Samples for optical microscopy were polished using a series of 400, 600, 800, and 1200 US
grit grinding papers followed by fine polishing with 1 μm alumina and 0.05 μm colloidal
silica polishing suspensions. The Barker’s anodizing procedure was used to view the sample
grain structure, whereby an oxide film is deposited on the aluminum grains. The oxide
film maintains the orientation of the underlying grain, causing adjacent grains (with large
enough misorientation angle) to appear differently colored when viewed under polarized
light. Anodization consisted of immersing the samples for approximately 30 s in a solution
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Figure 28: Schematic showing the three principal orthogonal directions in a rolled plate
along with the microstructure produced in each plane of the plate.
of 1.8% fluoboric acid in water. A voltage of 30V DC with a current of approximately
1 A/in2 was applied using a stainless steel electrode attached to a Goldstar GP-4303D DC
power supply. Keller’s reagent was used to preferentially etch the precipitate phases. The
Keller’s reagent consists of 0.5 mL hydrofluoric acid, 1 mL nitric acid, and 3 mL hydrochloric
acid, in 95 mL of water. Samples were immersed for approximately 30 s, followed by rinsing
in warm water.
Optical microscope images were obtained using either a Leica DM IRM reverse stage
microscope or a Leica DM6000 M microscope. Images were taken under both bright field
and polarized light. Recovered specimens for scanning electron microscopy (SEM) were
kept unpolished so that imaging could be performed within the preserved spall plane. Ex-
amination of these fracture surfaces after spall testing was performed using an Amray 1810
SEM.
3.3 Ultrasonic Testing
The density (ρ0) and sound speeds (C) of the tested materials were needed to calculate
the HEL and spall strength, as shown in Equations 5 and 6 respectively. The density was
measured using a standard Archimedes measurement. Sound speed measurements were
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made using an Olympus 5072PR pulser/receiver in the pulse echo configuration attached
to both Ultran VSP-200 and SRD50-5 ultrasonic probes for longitudinal and shear wave
velocity measurements, respectively. The data were recorded using a Tektronix DPO 5104
1 GHz oscilloscope.
The longitudinal and shear wave velocities (CL and CS) were measured directly using
the known sample thicknesses and the transit time of the respective transmitted waves. The
bulk sound speed (CB) and the elastic constants shear modulus (G), bulk modulus (B),
elastic modulus (E), and Poisson’s ratio (ν) were calculated using Equations 29-33 and the
























3.4 Plate Impact Gas Gun Experiments
Plate impact experiments were performed using the 80 mm diameter (7.6 m length) light-
gas gun located at the Georgia Institute of Technology. A schematic of the plate impact
experimental setup is given in Figure 29. The projectiles consisted of 80 mm diameter
aluminum sabots with 70 mm diameter Al 5083 flyer plates mounted at the head. The
flyer plates had an air gap backer to cause release waves from the flyer plate rear surface to
reflect back into the sample during testing. The intersection between this release wave and
another from the sample rear surface produces the tension necessary for spallation.
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Figure 29: Schematic setup for plate impact experiments performed on Al 5083 as viewed
from the (a) side and (b) front. Two different sample and holder geometries were used cor-
responding to single and multiple sample orientations with respect to the impact direction.
The disc-shaped samples rested within a surrounding ring holder, with a 10◦ taper
designed such that it can break free from the holder during impact. The sample surround
rings were 80 mm in diameter. This design prevented release waves from the outer edges
reaching the sample center during the time of the experiment (thus ensuring a 1-D state of
strain). The projectile and sample holder were slowed down by a polycarbonate plate with
an opening large enough to allow the sample to pass through for subsequent soft-recovery.
Projectile velocity measurements and triggering of the VISAR recording oscilloscope were
achieved with a series of electrically charged metal pins of known spacing. Rear free surface
velocity measurements were acquired during the plate impact experiment via a VISAR
probe located approximately 30 mm behind the sample. The VALYN VISAR interferometry
system uses a 532 nm wavelength laser, and has nanosecond time resolution. The rear free
surface velocity was used to calculate the HEL and spall strength as shown in Equations 5
and 6.
As shown in Figure 29(b), experiments with two types of target sample geometries were
performed. In one case, a single sample oriented with the impact direction through the
thickness of the plate was used, and in the other case, three samples (corresponding to
all three orthogonal plate directions) were impacted simultaneously. For experiments with
the single through the thickness sample, the diameters were 30 mm at the impact face.
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In the case of testing with the three samples having different principal directions, smaller
15.5 mm diameter tapered samples were used. The diameter of these smaller specimens
was constrained by the thickness of the plate specimens. The thicknesses of the flyer plate
and sample were 5 mm and 10 mm respectively for the single sample experiments. For the
multiple sample case, the flyer and target thicknesses were 3 mm and 6 mm respectively. The
choice of thicknesses and symmetric impact (same material) for the flyer plate and sample
ensures that the spall plane occurs near the mid-plane of the sample for each experiment.
Since the flyer plate and sample thicknesses were changed for certain experimental setups,
comparisons between the spall properties of different materials will only be made when the
thickness values and peak stress values are similar. One set of experiments, presented in
Chapter 4, was performed using the same flyer plate thickness (3 mm), but different sample
thicknesses (6 mm, 8 mm, and 10 mm) to measure the effects of sample thickness on the
spall strength. For this set of experiments, the spall plane was approximately 3 mm from
the rear free surface for each sample thickness.
3.5 Post-Impact Recovery
Following plate impact, the samples were soft recovered for microscopic examination. The
location of the spall damage, whether intergranular or transgranular may control the spall
behavior of the sample. The fracture surfaces were imaged using scanning electron mi-
croscopy (SEM) to yield further evidence of the type of fracture during spall testing. The
extent of void damage was quantified in some cases, as this is another indicator of the
resistance of the material to spall damage. Specifically the size and location of the voids
in the target sample were quantified to yield volume distributions of damage as a function
of distance from the rear free surface. The size distributions are presented in Appendix B,
and are compared to the spall behavior from computational modeling presented in Chapter
9.
3.6 Numerical Modeling
One-dimensional numerical modeling of plate impact experiments was performed using the
Shock-1D [116] program to further assess the spall response of Al-Mg alloys. Shock-1D is a
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Lagrangian finite element program that uses the Cochran and Banner [107] spall model to
simulate failure due to dynamic tensile stress. Modeling was first performed to match the
peak state of the experimental impact data, over a wide range of peak stresses, such that
a valid equation of state for Al 5083 was obtained. After a good fit to the peak state was
achieved, further modeling was performed to assess the spall response of Al-Mg alloys using
the Cochran and Banner [107] spall model.
The measured flyer plate and sample thickness and impact velocity were used for simu-
lations of each plate impact experiment. The Shock-1D program also uses several material
parameters to simulate the shock response during impact. The density, shear modulus, and
bulk modulus were experimentally obtained as described in Section 3.3. The Gruneisen
parameter (γ) is related to the change in pressure (P) with energy (E) at constant volume








The viscoplastic response of the material was modeled as linear elastic followed by linear
strain hardening behavior in the plastic strain (εp) regime using the average tangent modulus
of the flow stress (H ′). The yield function (σy) is then given by Equation 35.
σy = σy0 +H
′ε̄p (35)
The yield strength (σy0) and strain hardening parameter (H
′) were first estimated using
tabulated quasi-static tensile test data available in the literature [117]. The values were
then adjusted to match the yielding behavior from the experimental free surface velocity
traces.
The equation of state (EOS) used by the Shock-1D program is a fourth order polynomial
given by Equation 36 describing the pressure (P ) as a function of the compression (μ) given




















The variable K1 is the bulk modulus, and the remaining variables K2, K3, and K4
are fitting parameters describing the pressure over a range of compressions. The EOS was
determined by fitting these three variables to give a best match of the simulated data to
the peak state in the experimentally measured free surface velocity data over a large range
of peak stresses (1.5 GPa to 6.2 GPa).
The remaining parameters needed to model the spall response are the variables from
the Cochran and Banner [107] spall model described in Section 2.6.3. These parameters are
the spall strength (σspall), the damage parameter (D0), and damage exponent (m). The
spall strength was first estimated as that measured from the free surface velocity data.
The damage parameter (a measure of the void volume) was estimated from the void size
distributions obtained from post-impact microscopy. The values of σspall and D0 were then
adjusted to yield a best fit to the experimental results. The damage exponent should have
a value of 2/3 for ductile materials and a value of 2 for brittle materials [107, 108]. The
exponent was thus kept at 2/3 to simulate the expected ductile response of aluminum.
Numerical modeling in Shock-1D was performed for all of the microstructural states
produced for Al 5083 using various processing methods. The void size parameter from the
best fit to the experimental data was then used to compare the spall response as a function
of microstructural state.
3.7 Presentation of the Results
The following chapters will discuss the spall behavior of several different microstructural
states in Al-Mg alloys. The presentation of this information is organized as follows:
• Chapter 4: The effects of shock duration and strain rate on the spall strength and
Hugoniot elastic limit (HEL) will be discussed. The results of this chapter will deter-
mine under which conditions the spall strength and HEL can be compared between
different experiments for the chapters to follow.
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• Chapter 5: The spall response of a rolled Al 5083-H116 plate will be discussed. This
microstructure will serve as the baseline to which the other Al-Mg alloy microstruc-
tures will be compared. The effects of the grain texture on the dynamic mechanical
properties will be the main topic of this chapter.
• Chapter 6: The effects of a sub-micron grain structure produced using equi-channel
angular pressing (ECAP) will be discussed. The effects of the refined grain structure
and the aligning and cracking of brittle particles on the spall behavior will be the
main topics of this chapter.
• Chapter 7: The effects of an equiaxed grain structure produced through annealing
will be discussed. The effects of both the size and uniformity of the grain structure
and the decreased dislocation density in the fully annealed state on the dynamic
mechanical behavior will be the focus of this chapter.
• Chapter 8: The ability to precipitation harden an Al-9wt.% Mg alloy along with the
subsequent spall response of precipitation hardened Al-Mg alloys will be the focus of
this chapter. Changes to the grain structure produced during heat treatment and the
effects on the dynamic response will also be presented.
• Chapter 9: Results of one-dimensional numerical simulations of all Al 5083 mi-
crostructures studied will be presented in this chapter. The void size from simulations
will be compared to voids measured from post-impact microscopy.
• Chapter 10: Comparisons between all of the investigated microstructures will be
presented. This chapter is meant as a discussion of the effects of microstructure on
spall behavior of Al-Mg alloys and the broader impact of the overall research.
• Chapter 11: A summary of results on the effects of microstructure and concluding
remarks on the spall behavior of Al-Mg alloys will be presented.
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CHAPTER 4
EFFECT OF PULSE DURATION AND DECOMPRESSION RATE ON
THE SPALL STRENGTH OF AL 5083-H116
This chapter focuses on the changes to the spall strength of Al 5083-H116 brought about
by changing the pulse duration and the decompression rate through variations in the flyer
plate and target sample thicknesses, respectively. In addition to the spall strength, the
HEL of aluminum alloys has also shown thickness dependence [111–113]; hence, the effects
of plate thickness on the HEL will also be investigated. Throughout this research, two
different impact configurations were used where individual samples were impacted with the
shock direction through the thickness or where three samples (of different orientation) were
impacted simultaneously (see Figure 29). These two impact configurations used 5 mm thick
flyer plates and 10 mm thick samples, and 3 mm thick flyer plates and 6 mm thick samples,
respectively. Such changes in the thickness can result in changes to the spall strength or
HEL, that are not necessarily a consequence of the microstructural state, but of the loading
conditions. This chapter will quantify the effects, if any, on the spall strength and HEL, as
the flyer and sample thicknesses are changed.
Previous research has shown spall strength increasing with decreasing shock pulse du-
ration in ductile materials due to the time necessary to nucleate and grow voids during
spalling [109]. Other research has shown that the decompression rate from the peak stress
has a more pronounced effect on the spall strength of aluminum than does changing the
duration [38]. Gray et al. [109] compared short durations produced by explosive loading
to long durations produced by plate impact testing. Chen et al. [38] compared durations
produced using plate impact testing alone such that all durations were relatively long (on
the order of 1 μs). Since plate impact testing is the only experimental technique that was
used to produce spalling in the present research, effects of longer durations will be compared




The material studied was Al-5083-H116, a strain-hardened rolled plate. This rolled plate
will serve as the baseline material to which all other microstructures are compared for this
research, which is why this material was chosen for experiments to investigate the effects
of pulse duration and decompression rate. The spall behavior and microstructure of Al
5083-H116 will be quantified and discussed in greater detail in Chapter 5. For this chapter,
the effects of flyer and sample plate thickness on the dynamic mechanical properties are
the greatest concern—rather than the effects of the microstructural state. A more detailed
description of the microstructure of Al 5083-H116 both before and after plate impact testing
is provided in Chapter 5. Briefly, the Al 5083 material is alloyed with magnesium and
manganese having compositions of 4.0–4.9 wt% and 0.4–1.0 wt% respectively. The material
density (ρ0) is 2.666± 0.001 g/cm3. The sound speeds (C) in the through-thickness direction
were measured for calculation of the spall strength, HEL, and elastic constants. Table 1
lists the longitudinal wave speed (CL), shear wave speed (CS), bulk wave speed (CB), shear
modulus (G), bulk modulus (B), elastic modulus (E), and Poisson’s ratio (ν) for the Al
5083-H116 samples.
4.1.2 Plate Impact Gas Gun Experiments
Plate impact gas gun experiments were performed through the plate thickness for an impact
velocity near 300 m/s, which corresponds to a peak stress of approximately 2.2 GPa. Three
experiments were performed using 3 mm thick flyer plates, with sample thicknesses of 6 mm,
8 mm, and 10 mm to assess the effects of target sample thickness on the HEL and spall
strength. One experiment was performed using a 5 mm thick flyer plate and a 10 mm thick





































































































































































































Table 2 lists the various measured experimental conditions for the experiments performed
to investigate the effects of pulse duration and decompression rate. The impact velocity
(Vimpact) was measured using velocity pins, as shown in Figure 29. The free surface velocities
at the peak state (upeak) and the HEL (uHEL) along with the pullback velocity (Δufs) were
measured from the free surface velocity profiles, as shown in Figure 13. The shock wave
velocity (US) was measured using the impact timing and shock wave arrival time visible in
the free surface velocity profiles. The HEL stress (σHEL), spall strength (σspall), and peak
stress (σpeak) were calculated using Equations 5–8, with the spall strength correction factor
(δ) calculated using Equation 7.
4.2.1 Free Surface Velocity
The Al 5083-H116 samples were impacted near 300 m/s in every case using a variety of flyer
plate and sample thicknesses. The free surface velocity measured at the sample rear free
surface for each experiment is shown in Figure 30. Each data trace in Figure 30 was shifted
in time to match the elastic wave arrival time for the experiment using a 5 mm thick flyer
plate and a 10 mm thick sample.
The HEL for each experiment is shown in the inset of Figure 30 and remains constant
regardless of changes to either the flyer plate thickness or sample thickness. When keeping
the flyer plate thickness constant (at 3 mm), it is seen that the pullback velocity, which
is indicative of the spall strength, decreases as the sample thickness increases. When the
sample (target) thickness is kept constant (at 10 mm), increasing the flyer plate thickness
from 3 mm to 5 mm has no effect on the pullback velocity. Thus for these impact conditions,
the spall strength is observed to be dependent on the sample thickness, but not on the flyer
plate thickness.
4.2.2 Spall Strength and HEL
The spall strength (σspall) and HEL (σHEL) values were calculated using the free surface
velocity data shown in Figure 30 along with Equations 5–7. The free surface velocity data
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Figure 30: VISAR free surface velocity data for Al 5083-H116 samples with different flyer
plate and sample thicknesses. The inset better displays the HEL for each experiment. The
HEL remains constant with changes to flyer plate or sample thickness, while the pullback
velocity decreases with increasing sample thickness regardless of flyer plate thickness. The
data traces were shifted in time to match the elastic wave arrival time of the sample impacted
using a 5 mm thick flyer plate and a 10 mm thick sample.
67
Table 2: Calculated and measured free surface velocity data for Al 5083-H116 samples with























305 295 5.31 2.16 51.4 0.44 120.3 17.1 0.95
1339
(3mm/8mm)
306 295 5.36 2.17 47.8 0.41 120.2 12.0 0.92
1340
(3mm/10mm)
306 302 5.41 2.24 50.8 0.43 111.9 7.6 0.83
1224
(5mm/10mm)
295 294 5.37 2.17 50.8 0.43 106.8 15.8 0.85
used in Equations 5–7 is listed in Table 2. The calculated values of HEL and spall strength
are shown respectively as a function of the target sample thickness in Figures 31 and 32.
The HEL shows no dependence on either flyer or sample thickness, with all data points
lying within the range of the error bars. The average value of the HEL is 0.43 ± 0.03
GPa. The HEL of ductile materials is known to rapidly decay to a constant value as sample
thickness increases [111–113], so it is likely that the thinnest sample measured (near 6 mm)
was already thick enough to have reached this constant value for Al 5083-H116.
The spall strength shows a smooth and continuous decrease as sample thickness in-
creases. For impact using 3 mm thick flyer plates, the spall strength decreases from a value
of 0.95 GPa for a 6 mm thick sample, to a value of 0.83 GPa for a 10 mm thick sample.
For the two 10 mm thick samples, the spall strength is essentially identical when impacted
with a 3 mm thick flyer plate versus a 5 mm thick flyer plate (0.83 GPa and 0.85 GPa
respectively). The spall strength of Al 5083 does not depend on the shock duration for the
flyer plate thicknesses used in this research. Since the spall strength is highly dependent
on the sample thickness, it is expected that the decompression strain rate is affecting the
measured spall strength values similarly to previous work on ductile materials [44].
The strain rate dependence of the spall strength of Al 5083-H116 is plotted in Figure
33 as a log-log plot with the decompression strain rate, defined in Equation 26. The spall
strength shows a clear increasing trend with increasing decompression strain rate, which is
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Figure 31: Calculated HEL values as a function of target sample thickness for Al 5083-H116
samples. The flyer plate and sample thicknesses are listed next to each data point. The
HEL shows no dependence on flyer or sample thickness.
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Figure 32: Calculated spall strength values as a function of target sample thickness for Al
5083-H116 samples. The flyer plate and sample thicknesses are listed next to each datapoint.
The spall strength decreases with sample thickness but is not dependent on the flyer plate
thickness.
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Figure 33: Calculated spall strength values as a function of decompression strain rate for
Al 5083-H116 samples. The spall strength increases with strain rate and obeys the power
law function fit to the data. The flyer plate and sample thicknesses are listed next to each
datapoint.
a result of the decreasing sample thickness. Similarly to previous researchers [44], the data









The power law fit constants from Equation 38 (A and m) for Al 5083 (an Al-5wt.% Mg
alloy) are found to be very similar to those for an Al-6wt.% Mg alloy plotted in Figure 21.
For the case of Al-6wt.% Mg, A and m were reported as 0.088 and 0.210 respectively [44]
as compared to 0.l05 and 0.213 for the data reported here.
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4.3 Conclusions
Al 5083-H116 samples were impacted using 3 mm versus 5 mm thick flyer plates and for
sample thicknesses ranging from 6 mm to 10 mm. These values represent the thickness limits
for all experiments reported in this thesis. The results show that the HEL is independent of
both the flyer plate and sample target thickness. The spall strength is not dependent on the
flyer plate thickness, and is therefore not dependent on changes in the shock duration for
the experimental setup used in this research. The spall strength is found to be dependent
on the sample thickness, with the values of the spall strength decreasing from 0.95 GPa for
the 6 mm thick sample to 0.83 GPa for the 10 mm thick sample. Increasing the sample
thickness decreases the decompression strain rate, which is known to affect the spall strength
of ductile materials. The spall strength of Al 5083 shows a good fit to a power law function
with decompression strain rate, and the fitted power law function is similar to that of
Al-6Mg, which is similar in composition to the Al 5083 alloy.
The results of this chapter will allow for meaningful conclusions to be drawn on the
effects of microstructure on the spall strength and HEL of Al-Mg alloys. Based on the data
reported in this chapter, comparisons may be drawn between HEL values for any flyer plate
or sample thickness, but comparisons of spall strength values can only be made for similar
target sample thicknesses (regardless of the flyer plate thickness). The following chapters
will discuss the spall properties of Al-Mg alloys displaying a variety of microstructures.
Plate impact experiments correspond to those performed using either 3 mm and 6 mm thick
flyer plates and target samples or 5 mm and 10 mm thick flyer plates and target samples.




SPALL BEHAVIOR OF ROLLED AL 5083-H116 PLATE
This chapter focuses on the spall behavior of a rolled Al 5083 plate. Specifically, the effects of
grain structure—both size and orientation—on the spall strength and HEL are of interest,
as rolling produces a highly textured microstructure with grains and inclusions aligning
along the rolling direction (see Figure 28).
Previous research on rolled alloy plates has shown varying spall properties based on the
impact orientation relative to the rolling direction; however, the results are not consistent
between each set of experiments and material types [32–35]. In the case of a eutectoid steel,
the spall strength is higher for impact in the rolling direction versus the through-thickness
direction [32, 33], but for Al 7010 an opposite trend is observed [34]. For the case of Al
5083-H32, the spall strength is similar for either direction, but impact in the longitudinal
direction results in more instances of transgranular fracture than for impact through the
plate thickness [35].
Recently the spall strength and HEL of rolled Al 5083-H131 and Al 5083-H32 plates
have been reported. For the H131 alloy, the average spall strength and HEL were reported
as 0.936 GPa and 0.573 GPa, respectively, for peak pressures between 1.5 and 8.0 GPa
[92, 94]. For Al 5083-H32, the spall strength and HEL have been reported as 1.23 GPa and
0.60 GPa over a similar stress range [35]; however, the HEL was reported as 0.40 GPa in a
different study [94].
In this chapter, the spall behavior of a rolled Al 5083-H116 plate is investigated using
symmetric plate impact experiments at peak stresses ranging between 1.5 to 6.2 GPa. The
experiments were performed with impact through the plate thickness and along all three
orthogonal plate orientations. Since rolled plates are already used for armor plating, this
microstructure will serve as the baseline for spall testing performed on other microstructures
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to be discussed in the following chapters. Improvements to the spall properties presented in
this chapter would thus represent a better armor plate microstructure than those in service.
5.1 Experimental Procedure
5.1.1 Materials
The tested samples were machined from a 0.75′′ (approximately 19 mm) thick rolled Al 5083
plate in the H116 temper commercially acquired from McMaster Carr. The H116 temper
indicates strain hardening only, and has the same mechanical properties as the H32 temper
commonly used for armor plates [115]. The principal alloying elements in the Al 5083 plate
are 4.0–4.9 wt.% magnesium and 0.4–1.0 wt.% manganese. The density of the material was
measured as 2.666 ± 0.001 g/cm3 using the standard Archimedes measurement method.
Since the Al 5083 was obtained in rolled plate form, the grain structure is similar to that
shown schematically in Figure 28 with the grains elongating along the rolling direction and
thinning through the thickness of the plate. The microstructure of the as-received Al 5083-
H116 plate is shown in Figure 34. Micrographs in Figure 34(a) through 34(c) show the
grain structure along the different directions in the rolled plate as outlined in Figure 28.
The grain structure of the as-received material shown in Figure 34 is highly textured, as
would be expected for a rolled plate. The mean intercept grain size (< G >) measured for
each orientation is given in Table 3. It can be seen that < G > varies from 9 μm through
the thickness of the sample (along the short transverse direction) to 66 μm along the rolling
(longitudinal) direction. Spall experiments were performed for single specimens through
the thickness and along all three plate orientations simultaneously to measure the effects of
this grain texture on spall properties, using the setup shown in Figure 29.
Figure 34(d) displays a number of brittle inclusions and manganese dispersoids present
in the rolled plate. The inclusions are often larger than the dispersoids and are removed
from the surface during polishing. They appear as dark areas in the micrograph. The
dispersoid particles are light brown and form at the grain boundaries, which acts to prevent
recrystallization during processing. Brittle particles such as these are nucleation sites for
spall damage and can be detrimental to the dynamic mechanical properties of Al 5083 alloy
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Figure 34: Optical microscope images of the as-received Al 5083-H116 material. The rolling
direction is indicated by red markers in each image. The grain structure is visible under
polarized light for planes normal to the (a) short transverse, (b) longitudinal, and (c) long
transverse directions. Under bright field, (d), inclusions and Mn dispersoids are visible
as black and light brown particles and are indicated with broken and solid blue circles
respectively.
75
[32, 33, 35, 37, 39, 40, 44, 79, 101]. One of the goals of this research is to ascertain the
effects of these brittle particles on the spall properties of Al-Mg alloys in addition to the
effects of the grain structure.
Table 3: Material properties of Al 5083-H116 along the three principal directions of a rolled
plate. The error represents a 95% confidence interval in all cases.
Short Transverse Longitudinal Long Transverse
CL [mm/μs] 6.364 ± 0.007 6.452 ± 0.075 6.430 ± 0.004
CS [mm/μs] 3.180 ± 0.004 3.154 ± 0.033 3.149 ± 0.004
CB [mm/μs] 5.197 ± 0.014 5.325 ± 0.118 5.303 ± 0.009
G [GPa] 27.0 ± 0.1 26.5 ± 0.6 26.4 ± 0.1
B [GPa] 72.0 ± 0.4 75.6 ± 3.3 75.0 ± 0.2
E [GPa] 71.9 ± 0.4 71.2 ± 3.4 71.0 ± 0.3
ν 0.334 ± 0.004 0.343 ± 0.036 0.342 ± 0.003
< G > [μm] 9 ± 1 66 ± 20 39 ± 7
The longitudinal, shear, and bulk sound speeds (CL, CS , and CB respectively) were
measured using ultrasonic testing, and the corresponding elastic constants G (shear mod-
ulus), B (bulk modulus), E (elastic modulus), and ν (Poisson’s ratio) are also included in
Table 3. The equations for the sound speeds and elastic constants listed in Table 3 are
given by Equations 29–33. The sound speed values were used to calculate the spall strength
and Hugoniot Elastic Limit (HEL) of the Al 5083-H116 material along each of the plate
directions from the free surface velocity traces measured during plate impact testing.
5.1.2 Plate Impact Experiments
Plate impact experiments were performed for impact velocities ranging from approximately
200 m/s to 800 m/s, with a corresponding peak stress range of 1.5 GPa to 6.2 GPa. One
set of experiments was performed through the plate thickness, while varying the impact
velocity, to measure the effects of peak stress on the spall strength and HEL. Another set
of experiments was performed where all three plate orientations were impacted simultane-
ously in order to measure the effects of the textured microstructure on spall properties.
This set of experiments was performed at approximate impact velocities of 200 m/s, 300
m/s, and 400 m/s. Samples were recovered following impact, and the post-mortem sample
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cross-sections and fracture surfaces were characterized using optical microscopy and SEM
respectively.
5.2 Results
Table 4 lists the measured parameters for each experiment. The impact velocity (Vimpact)
was measured using velocity pins, as shown in Figure 29. The free surface velocities at
the peak state (upeak) and the HEL (uHEL) along with the pullback velocity (Δufs) were
measured from the free surface velocity profiles, as shown in Figure 13. The shock wave
velocity (US) was measured using the impact timing and shock wave arrival time visible in
the free surface velocity profiles. The HEL stress (σHEL), spall strength (σspall), and peak
stress (σpeak) were calculated using Equations 5–8, with the spall strength correction factor
(δ) calculated using Equation 7.
5.2.1 Free Surface Velocity
The rear free surface velocity data for all measured Al 5083-H116 samples are given in
Figures 35 and 36. For the data shown in Figure 36 for impact along all three directions
simultaneously, the free surface velocity data along the long transverse direction failed to
record for impact near 430 m/s. Likewise, for the slowest impact velocity shown in Figure
36, near 200 m/s, the signal is too noisy approximately 3 μs after impact for the long
transverse and longitudinal directions; therefore, the data for these traces is not presented
for later times.
The insets of Figures 35 and 36 both show a distinct HEL for every impact experiment,
indicating the transition from elastic to plastic behavior during testing. The free surface
velocities at the HEL range from approximately 45 m/s to 55 m/s for all experiments with
very little change occurring with impact velocity; however, slight changes are observable
along the different plate orientations for experiments at a given velocity. Specifically, the
long transverse direction displays the highest HEL values, and the longitudinal direction
displays the lowest values.
The other characteristic regions expected from spall experiments such as the shock wave
arrival, velocity pullback, and ringing are also present in every data set displayed in Figures
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35 and 36. Similar to the HEL, the pullback velocity, a measure of the spall strength, varies
little with the impact velocity for similar specimens; however, the velocity pullback does
depend on grain orientation and sample plate dimensions for samples impacted at similar
velocities. The pullback velocity in the longitudinal direction displays a noticeable increase
for all three experiments shown in Figure 36. The pullback velocity for impact in the short
transverse direction is also larger for 6 mm thick specimens impacted with 3 mm thick flyer
plates (shown in Figure 36) versus the single sample experiments for 10 mm thick samples
(shown in Figure 35) for similar velocities. As discussed in Chapter 4, the spall strength of
Al 5083 increases with increasing decompression rate resultant from decreasing the sample
thickness. Therefore, the spall strength measured using the multiple sample configuration
(with thinner samples) will be higher than that measured for the single sample configuration
(with thicker samples). The exact values of the HEL and spall strength will be quantified
and discussed in the next section.
An interesting feature from the free surface velocity data is an apparent change in slope
observed after the velocity pullback. This feature has been described as a “shoulder” for
spall experiments on 1060, 6061, and ultra-pure aluminum, whereby the slope change was
said to be indicative of a change from brittle to a more ductile failure [38]. The authors
observed that increasing the loading rate or the grain size made this transition more promi-
nent. As shown in Figure 36, the change in slope is most apparent when impacted along
the short transverse direction (through the thickness)—the direction with the smallest grain
size along the impact direction but the largest grain area in the plane of impact. Conversely,
the longitudinal direction, having the largest grain size along the impact direction and the
smallest grain area in the plane of impact, has no such noticeable “shoulder” feature in this
region.
While the cause of this shoulder has not yet been determined, Chen et al. [38] speculated
that it may be due to a quasi-elastic response. Quasi-elasticity has been observed for both
reloading [93, 118] and unloading [93] of aluminum subjected to plate impact experiments
and has been attributed to a mesoscale phenomenon due to a local heterogeneous response
from inclusions and grain boundaries [93]. Since impact through the thickness of the plate
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Figure 35: Al 5083-H116 sample rear free surface velocity vs. time for samples impacted
through the thickness of the plate. The inset better displays the HEL for each data set.
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Figure 36: Al 5083-H116 sample rear free surface velocity vs. time for impact along the
three principal directions of a rolled plate. The inset better displays the HEL for each data
set.
80
maximizes the amount of inclusions and grain boundary area within the plane of the spall
pulse, this would seem to be a reasonable microstructural explanation for the shoulder
phenomenon observed in the free surface velocity data. A further explanation for the
shoulder is secondary spalling away from the primary spall plane. Johnson et al. [119]
measured a similar feature in spall studies on tantalum. They were able to reproduce this
feature using simulations by adding an additional secondary spall resistance function to
their existing spall model.
5.2.2 Spall Strength and HEL
The free surface velocity data shown in Figures 35 and 36, along with Equations 5–7, were
used to calculate the HEL and spall strength for the Al 5083-H116 samples. All free surface
velocity data used to calculate the HEL and spall strength are given in Table 4. The data is
plotted in Figures 37 and 38 for the single orientation and multiple orientation experiments
respectively. The data in Figures 37 and 38 is presented as a function of the peak stress
(σpeak) given by Equation 8.
Figure 37: Calculated (a) spall strength and (b) HEL values for impact through the thick-
ness of a rolled Al 5083-H116 plate. The data are presented for impact with thick (5 mm)
and thin (3 mm) flyer plates.
The root mean square best fit of the US versus up data given in Table 4 is given by
Equation 39. The equation of state (EOS) given by Equation 39 is very similar to the EOS
measured by Boteler and Dandekar [94] for the H32 temper, which had C0 and S values
of 5.14 and 1.27 respectively. The H32 and H116 tempers have very similar specifications
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Table 4: Calculated and measured free surface velocity data for Al 5083-H116. Multiple
sample experiments are designated with ST (short transverse), LT (long transverse), or L






















1120 208 199 5.27 1.48 54.2 0.46 103.0 8.2 0.77
1131 249 245 5.42 1.84 51.4 0.44 106.4 9.5 0.80
1224 295 294 5.37 2.17 50.8 0.43 106.8 15.8 0.85
1218 344 335 5.43 2.49 48.6 0.41 104.6 12.2 0.81
1119 421 410 5.27 2.96 53.4 0.45 101.7 13.4 0.80
1214 426 428 5.37 3.13 52.0 0.44 103.9 14.8 0.82
1128 687 670 5.53 4.99 45.9 0.39 105.6 11.9 0.81
1126 830 816 5.68 6.22 50.3 0.43 99.7 11.8 0.77
1222 ST 204 201 5.34 1.51 52.5 0.45 122.8 14.1 0.95
1222 LT 204 198 5.28 1.48 54.5 0.47 123.5 12.3 0.96
1222 L 204 201 5.36 1.50 44.2 0.38 134.4 11.4 1.03
1209 ST 305 295 5.31 2.16 51.4 0.44 120.3 17.1 0.95
1209 LT 305 299 5.29 2.19 54.3 0.47 126.2 8.3 0.95
1209 L 305 298 5.34 2.19 45.5 0.39 135.3 15.6 1.07
1220 ST 408 431 5.27 3.10 51.3 0.44 118.8 19.4 0.96
1220 LT 408 - - - - - - - -
1220 L 408 433 5.36 3.16 46.9 0.40 132.4 16.1 1.05
for mechanical response [115], which explains the good fit of the measured data for H116
to that previously reported for H32. The EOS of Al 5083-H116 is compared to the armor
grade tempers H32 and H131 in more detail in Appendix A.
US = C0 + Sup = (5.2± 0.1) + (1.0± 0.5)up [mm/μs] (39)
The average HEL and spall strength are 0.43 ± 0.04 GPa and 0.81 ± 0.05 GPa for impact
through the thickness for 10 mm sample target thicknesses. For impact with the thinner
6 mm sample targets (tested using the multiple sample configuration shown in Figure 29),
the HEL remains the same at 0.44 ± 0.01 GPa, but the spall strength increases to 0.95
± 0.01 GPa, which is consistent with the data presented in Chapter 4. For impact using
thinner samples, the decompression rate increases resulting in higher spall strength. As
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Figure 38: Calculated (a) spall strength and (b) HEL values for impact along the three
principal directions of a rolled Al 5083-H116 plate
shown in Figure 31, the HEL is not thickness dependent for the thicknesses used in this
research.
While the HEL displays no dependence on flyer or sample thickness, it does display
orientation dependence. The long transverse direction has the largest and most consistent
average value at 0.465 ± 0.002 GPa. The short transverse and longitudinal directions have
progressively lower values of 0.44 ± 0.01 GPa and 0.40 ± 0.02 GPa respectively. This is
consistent with quasi-static mechanical data for rolled Al 5086, whereby the compressive
yield strength is higher along the long transverse direction [117].
For the multiple sample impact configuration, the spall strength is noticeably higher for
impact along the longitudinal direction. The average value is 1.06 ± 0.03 GPa as compared
to 0.95 ± 0.01 GPa for both the short transverse and long transverse directions. Therefore,
the grain orientation plays some role in influencing the spall strength of a material. However,
the strength is not purely a function of the grain size, since the short and long transverse
directions have grain sizes of 9 μm and 39 μm respectively yet identical values for spall
strength. It is believed that the spall strength trends with orientation can be explained in
terms of how the damage propagates through the microstructure, and this will be discussed
in detail in the next section based on the results of microstructure characterization of the
recovered samples.
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The average values reported here (for 5 mm thick flyer plates and 10 mm thick target
samples) for HEL and spall strength are both lower than for the H131 temper measured
by Boteler and Dandekar [92, 94]. For the H131 samples, the HEL and spall strength
were reported as 0.573 GPa and 0.936 GPa. Spall testing of the Al 5083-H32 temper
has also yielded higher values than those reported here. The HEL and spall strength are
0.60 GPa and 1.23 GPa respectively for those experiments [35]. The increased HEL can
be attributed to the greater degree of work hardening for the armor grade tempers as
compared to the H116 temper, whereby the extra hardening results in increased resistance
to plastic deformation. As described in Chapter 4, the spall strength is dependent on
the decompression rate, which will change with sample thickness and impactor material.
Boteler and Dandekar [92, 94] used asymmetric impact (different flyer plate material) and
varied the sample thickness from 6 mm to 8 mm, so the average values of spall strength
cannot be directly compared for the different Al 5083 tempers. Impact using the 6 mm
thick specimens is closest to the experimental setup used by Boteler and Dandekar [92, 94].
For the case of 6 mm thick specimens, the spall strength was 0.95 GPa, which is similar to
the value of 0.936 GPa reported by Boteler and Dandekar [92, 94] for Al 5083-H131.
5.3 Post-Impact Recovered Microstructure Characterization
All samples were soft recovered following plate impact testing for microstructural examina-
tion. Complete spallation occurred in all cases except for impact at approximately 200 m/s.
For the sample impacted at 200 m/s, post impact void counting was performed to quantify
the void size distributions after spalling. This data is presented in Appendix B.
Figures 39 and 40 display some representative optical microscope and SEM images
respectively for impact along all three plate orientations. In Figure 39, the images were
taken perpendicular to the spall plane, and in Figure 40 the images were taken within the
spall fracture surface. In Figure 39(a), for impact through the thickness of the plate, the
spall damage is large compared to the grain size, making it difficult to ascertain whether
the damage is propagating along the boundaries or within them; however, the fracture
surface shown in Figure 40(a) displays a large degree of intergranular fracture for this same
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impact direction. For impact along the long transverse and longitudinal directions, the
damage is seen to propagate by transgranular fracture as evidenced by Figures 39(b) and
39(c). The dimpled fracture surfaces seen in Figures 40(b) and 40(c) are further evidence
for transgranular fracture for impact in these directions. The type of fracture does not
appear to affect the spall strength, as the short transverse and long transverse directions
display essentially the same spall strength; however, the difference in fracture type could be
a microstructural explanation for the shoulder observed in the free surface velocity data for
impact in the short transverse direction that was not evidenced in the other two directions.
The shoulder phenomenon was previously attributed to a shift from an initial brittle fracture
mechanism to a more ductile fracture mechanism by Chen et al. [38] for spall experiments
on aluminum alloys. The mixed mode of intergranular fracture and dimple fracture visible
in Figure 40(a), but not Figures 40(b) and 40(c) is consistent with that explanation.
As seen in Figure 39(c), the spall damage takes a more tortuous path through the
microstructure for impact along the longitudinal direction than for the other two directions.
The spall damage travels laterally across the grains via transgranular fracture; however, the
damage often travels away from the spall plane along the impact direction via intergranular
fracture. The grain boundaries are the path of least resistance for the growth of voids
during spall failure, but the large grain size along the longitudinal direction prevents the
spall damage from coalescing to form a continuous damage plane. As seen in Figure 39(c),
the damage propagates along the grain boundaries for a finite distance and then halts. It
is believed that this more tortuous damage path is the microstructural basis for the higher
spall strength for impact along this direction.
Brittle inclusions are often considered to be nucleation sites for spall damage [32, 33, 35,
37, 39, 40, 44, 79, 101]. As Figures 41 and 42 show, these inclusions are often located near
large voids in the recovered plate following impact. Within the fracture surfaces, cracked
inclusions were often located near the bottom of the largest dimples. Cracked inclusions
were also visible near large voids when imaged perpendicular to the spall plane as shown
in Figure 42(a). In some cases damage occurred next to uncracked particles such as the
85
Figure 39: Optical microscope images of damage in Al 5083-H116 samples following plate
impact in the (a) short transverse (b) long transverse and (c) longitudinal directions.
Figure 40: SEM images of the fracture surfaces in Al 5083-H116 samples following plate
impact in the (a) short transverse (b) long transverse and (c) longitudinal directions.
one shown in Figure 42(b), which indicates that matrix-particle debonding is either a void
nucleation or growth mechanism.
5.4 Conclusions
The spall behavior of rolled Al 5083-H116 plate was investigated using plate impact experi-
ments at peak stresses ranging from 1.5 GPa to 6.2 GPa and for varying impact orientations
with respect to the rolling direction. The average HEL and spall strength for the H116 sam-
ples, with values of 0.43 GPa and 0.81 GPa, respectively, are lower than previous reports
Figure 41: SEM images of inclusions within the fracture surfaces of Al 5083-H116 samples
following plate impact in the (a) short transverse (b) long transverse and (c) longitudinal
directions.
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Figure 42: Optical microscope images of inclusions located near spall damage in Al 5083-
H116 samples. Damage was observed near (a) cracked inclusions and (b) along the interface
with inclusions.
for the H131 temper. The lower HEL value can be attributed to the lesser degree of work
hardening achieved with the H116 temper, but the difference in spall strength can be at-
tributed to the difference in the target sample thickness. Use of flyer and sample target
plates of same ratio but different thickness resulted in different values of spall strength, but
the HEL remained the same. For impact along multiple plate directions, the long transverse
direction displayed the largest HEL at 0.465 GPa, followed by the short transverse direc-
tion and longitudinal direction at 0.44 GPa and 0.40 GPa, respectively. The longitudinal
direction displayed the highest spall strength of 1.06 GPa as compared to 0.95 GPa along
either transverse direction—despite a large difference in grain size for these two transverse
orientations. The spall strength therefore appears to depend more on the orientation of the
grains, and is not necessarily a direct function of the grain size for these experiments.
Post impact microscopy of recovered samples revealed that the damage for impact along
the longitudinal direction took a more tortuous path through the microstructure than for
the two transverse directions. Spall damage often propagated along the grain boundaries in
the direction of impact rather than growing laterally across the sample. The large grain size
in this direction prevented this type of spall damage from coalescing, which could account
for the higher values of spall strength observed along the longitudinal direction. SEM images
of the fracture surfaces revealed a ductile dimpled fracture surface for both the longitudinal
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and long transverse directions, but a mixed mode of intergranular and dimple fracture for
impact through the thickness of the plate. This mixed fracture mode seems to correspond
to a shoulder in the free surface velocity data observed just after the velocity pullback for
impact in this direction. The effects of brittle inclusions as spall nucleation sites were seen
in all recovered samples, with cracked and de-bonded inclusions occurring near large voids
in all cases. The cracked inclusions were primarily observed at the bottom of the largest
dimples for each fracture surface.
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CHAPTER 6
SPALL BEHAVIOR OF AL 5083 PLATE FABRICATED USING
EQUI-CHANNEL ANGULAR PRESSING (ECAP) AND ROLLING
This chapter focuses on the spall behavior of a highly refined grain structure produced
via equi-channel angular pressing. Equi-channel angular pressing (ECAP), also known as
equi-channel angular extrusion (ECAE), is a processing method that can produce a highly
refined, sub-micron, grain structure in metals and alloys [45]. ECAP involves pressing a
billet through an angular die, with no change in cross-sectional area after pressing through
the die. Processing using ECAP yields a unique and highly refined microstructure. The
small grain sizes produced from ECAP strengthens the material through the Hall-Petch
effect, while also maintaining low temperature ductility, due to the ease of grain boundary
sliding [45].
ECAP has been used to produce highly refined grain structures in large aluminum plates
and in Al 5083 in particular [52, 53]. In this chapter, symmetric plate impact experiments
were performed on large Al 5083 plates that were processed using both ECAP and post-
ECAP rolling. Impact experiments were performed both through the thickness and along
all plate orientations to compare the relatively uniform microstructure produced by ECAP
to the textured microstructure produced by rolling. The effects of the unique microstructure
produced by ECAP on the spall strength and HEL are examined and compared with that
for a standard rolled Al 5083 plate.
6.1 Experimental Procedure
6.1.1 Materials
The as-received Al 5083 was obtained as a rolled plate in the H321 temper, indicating strain
hardening and a partial annealing treatment. The composition of the alloy is 4.0-4.9 wt.%
Mg and 0.4-1.0 wt.% Mn, in addition to trace elements. Magnesium gives the alloy its
strain hardening capability, while manganese forms dispersoid phases that refine the grain
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structure. Four different Al 5083 plates were tested corresponding to different degrees of
processing via rolling and ECAP as listed below:
1. As-received Al 5083-H321
2. ECAP four passes at 250◦C
3. ECAP four passes followed by rolling at 150◦C (55% reduction) and cold rolling (20%
reduction)
4. ECAP four passes followed by cold rolling (30% reduction)
In addition to the as-received plate, three other sample types were tested corresponding
to different degrees of processing with ECAP and rolling. The first of these samples was
only processed using ECAP, with no subsequent rolling. An image of an extruded ECAP
billet is shown in Figure 43(a) along with a schematic illustrating the extrusion and rolling
directions during processing in Figure 43(b). The billets were pressed about a 90◦ angle
using a die geometry similar to Figure 5(a). As Figure 43 shows, the ECAP billets were
large plates (15.2′′ x 15.0′′ x 3.2′′) that were given four passes through the die at 250◦C
with subsequent turning by 90◦ about the through-thickness normal between each pass.
This processing technique has been shown to yield a uniform grain structure throughout
the large Al 5083 plate with a grain size of 400 nm [53]. Two other sample types were
processed similarly using ECAP followed by varying degrees of rolling. One sample was
first warm rolled at 150◦C to 55% thickness reduction followed by cold rolling at room
temperature to give a further 20% reduction. The final sample type was processed with
ECAP followed by cold rolling at room temperature to 30% thickness reduction.
Values of the density (ρ) and sound speed (C) of each sample type were measured for
calculation of the spall strength, HEL, and elastic constants. Table 5 lists the longitudinal
wave speed, shear wave speed, bulk wave speed, shear modulus, bulk modulus, elastic
modulus, and Poisson’s ratio (CL, CS , CB, G, B, E, and ν respectively) along each direction





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 43: Images showing (a) an extruded ECAP billet and (b) a schematic of the extrusion
and rolling directions. ECAP samples were extruded four times, turning 90◦ about the
through-thickness normal each time. Some samples were rolled in a single direction following
ECAP. The image of the extruded billet was obtained from an SBIR contract report to the
Army Research Laboratory [120]
6.1.2 Plate Impact Experiments
Symmetric Al 5083 on Al 5083 plate impact experiments were performed on the four dif-
ferently processed plates at impact velocities near 430 m/s, corresponding to a peak stress
near 3 GPa. The peak stress value is near the middle of the range used for testing of Al
5083-H116 presented in the previous chapter. All four plate materials were tested using two
different impact configurations: one where impact was performed through the plate thick-
ness only (using 5 mm thick flyer plates and 10 mm thick samples), and one where impact
was performed along all three plate directions simultaneously (using 3 mm thick flyer plates
and 6 mm thick samples). Specimens were soft recovered for post-impact microscopy in all
cases.
6.2 Results
Table 6 lists the calculated and measured parameters for each experiment. The impact
velocity (Vimpact) was measured using velocity pins, as shown in Figure 29. The free surface
velocities at the peak state (upeak) and the HEL (uHEL) along with the pullback velocity
(Δufs) were measured from the free surface velocity profiles, as shown in Figure 13. The
shock wave velocity (US) was measured using the impact timing and shock wave arrival
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Figure 44: Microstructural images obtained by (a) TEM (along with selected area diffrac-
tion pattern) and (b) EBSD for the plate extruded four times using ECAP. The grain size
was approximately 400 nm for this plate, with low misorientation angle between the grains.
Images were taken by Jin et al. [53].
time visible in the free surface velocity profiles. The HEL stress (σHEL), spall strength
(σspall), and peak stress (σpeak) were calculated using Equations 5–8, with the spall strength
correction factor (δ) calculated using Equation 7.
6.2.1 Microstructure
As reported previously, the sample processed using ECAP only has a highly refined grain
structure with approximately 400 nm grain sizes [53]. TEM and EBSD images of the grain
structure after processing with ECAP are shown in Figures 44(a) and 44(b) respectively.
As Figure 44(a) shows, the grain structure is a mixture of grains and sub-grains, whereby
dislocations are present at both the grain boundaries and sub-grain boundaries but with
little dislocation density within the bulk of the grains. Figure 44(b) shows the highly refined
grain structure, whereby both the grain size and misorientation angle are both small for
processing using ECAP.
Optical microscope images along all three plate orientations of each sample type are
given in Figures 45–48. Due to the low grain misorientation angle and small grain size for
samples processed using ECAP (see Figure 44), the grain structure is not visible in the
optical microscope for those samples. The grain boundary visibility increases when ECAP
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Figure 45: Optical micrographs showing planes normal to the (a) short transverse, (b) long
transverse, and (c) longitudinal directions for the as-received Al 5083-H321 plate. The grain
structure is highly textured with grains elongating along the rolling (longitudinal) direction
and thinning through the plate thickness (along the short transverse direction). Inclusions
are visible as black areas on the micrographs and align in the rolling direction along grain
boundaries.
is followed by rolling and when viewed in the long transverse plane. This plane contains the
short transverse direction, along which the grain boundary misorientation is maximized.
For the as-received Al 5083-H321 (shown in Figure 45), the grain structure is typical of
a rolled plate, with grain boundaries aligning and lengthening along the rolling direction.
This textured microstructure is similar to that produced in the Al 5083-H116 plate shown
in Figure 34 and presented in the previous chapter.
Secondary phases such as iron and silicon rich inclusions and manganese dispersoids
appear as black areas in the micrographs shown in Figures 45–48. For the as-received plate,
shown in Figure 45, the particles align in the rolling (longitudinal) direction along the grain
boundaries. Figure 46 shows the microstructure after four ECAP passes. The particles
grow in size from that of the as-received plate after processing with ECAP; however, they
are uniformly dispersed, with no apparent preferred orientation as seen in the rolled plate.
Post-ECAP rolling (as shown in Figures 47 and 48) results in increasing inclusion size from
that of the sample processed using ECAP alone. As Figures 47(a) and 48(a) show, these
particles are often damaged. In addition, the particles are aligned in the rolling direction
at grain boundaries similar to the as-received rolled plate (see Figures 47(b) and 48(b)).
Brittle particles such as these are known nucleation sites for spall damage and are expected
to be detrimental to the spall strength [32, 33, 35, 37, 39, 40, 44, 79, 101].
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Figure 46: Optical micrographs showing planes normal to the (a) through-thickness direc-
tion, (b) one of the ECAP directions, and (c) another orthogonal ECAP direction. Due to
the low misorientation between grains and small grain size, the grain structure is not visible.
Inclusions are visible as black areas on the micrographs and are larger than observed for
the as-received Al 5083-H321. No preferred orientation is observed for the inclusions for
this sample type.
Figure 47: Optical micrographs showing planes normal to the (a) short transverse, (b) long
transverse, and (c) longitudinal directions for the plate processed using ECAP followed
by warm and cold rolling. Due to the low misorientation between grains and small grain
size, the grain structure is not visible except for the long transverse plane where the grain
misorientation angle is highest. Inclusions are visible as black areas on the micrographs and
align in the rolling direction along grain boundaries. Large cracked inclusions are visible in
the short transverse plane.
95
Figure 48: Optical micrographs showing planes normal to the (a) short transverse, (b) long
transverse, and (c) longitudinal directions for the plate processed using ECAP followed by
cold rolling. Due to the low misorientation between grains and small grain size, the grain
structure is not visible except for the long transverse plane where the grain misorientation
angle is highest. Inclusions are visible as black areas on the micrographs and align in the
rolling direction along grain boundaries. Large cracked inclusions are visible in the short
transverse plane.
6.2.2 Plate Impact Experiment Results
6.2.2.1 VISAR Free Surface Velocity
The VISAR free surface velocity profiles for impact through the plate thickness and along
all three plate orientations are given in Figures 49 and 50 respectively. The inset of each
figure better displays the trends in the HEL with processing and plate orientation.
Figure 49 clearly shows that processing with ECAP increases the HEL from that of
the as-received rolled plate. Subsequent rolling of the plates processed with ECAP results
in even larger gains to the HEL—especially for the plate processed using both warm and
cold rolling; however, the pullback velocity, a measure of the material’s spall strength,
shows a different trend with processing. ECAP alone results in an increased pullback
velocity relative to the as-received plate, but rolling in addition to ECAP results in decreased
pullback velocity for both rolled specimens measured through the plate thickness.
Figure 50 displays the orientation dependence of both the HEL and spall properties for
each specimen. The as-received plate shows the largest difference in the HEL as a function
of orientation, with the long transverse direction showing the largest HEL value. This is
similar to the HEL trends for Al 5083-H116 discussed in the previous chapter. The plate
processed using ECAP has a lower HEL value through the thickness than either of the two
ECAP directions, both of which had similar HEL values. Subsequent rolling of the plate
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Figure 49: Rear free surface velocity vs. time for impact through the plate thickness of Al
5083 samples processed via ECAP and rolling. The inset better displays the HEL for each
data set.
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results in similar HEL values for each of the three impact directions. The as-received and
ECAP specimens show slight decreases in the pullback velocity when measured through
the plate thickness, as shown in Figures 50(a) and 50(b); however, there is a much larger
decrease in the pullback velocity through the thickness for the samples processed using both
rolling and ECAP, as shown in Figures 50(c) and 50(d).
6.2.2.2 Spall Strength and Hugoniot Elastic Limit
The spall strength (σspall) and HEL (σHEL) values were calculated using the free surface
velocity data shown in Figures 49 and 50 along with Equations 5–7. The free surface velocity
data used in Equations 5–7 is listed in Table 6. The calculated values of spall strength and
HEL are shown for impact through the plate thickness and along all three plate orientations
in Figures 51 and 52 respectively.
Figures 51 and 52 quantify the trends mentioned in Section 6.2.2.1. For impact through
the plate thickness, the highest spall strength value is 0.90 GPa for the specimen processed
using ECAP only. For comparison, the as-received Al 5083-H321 plate has a spall strength
value of 0.77 GPa, which is similar to the value of 0.81 ± 0.05 GPa corresponding to the Al
5083-H116 plate discussed in the previous chapter. Post-ECAP rolling results in decreased
spall strength for both specimens processed using either warm and cold rolling or cold
rolling alone, despite the large gains to the HEL value for both of these specimen types.
The sample processed using both warm and cold rolling shows the lowest spall strength
value of 0.60 GPa, followed by the next lowest value of 0.74 GPa for the sample processed
using ECAP and cold rolling.
Unlike the spall strength, both ECAP and post-ECAP rolling increase the HEL value.
The as-received plate has an HEL value of 0.40 GPa, which is again similar to the value of
0.43 ± 0.04 GPa corresponding to Al 5083-H116. ECAP alone increases the HEL from the
rolled plate value to a value of 0.48 GPa. Post-ECAP rolling then results in tremendous
increases to the HEL. The largest HEL value is 0.72 GPa for the specimen processed using
ECAP followed by both warm and cold rolling. Processing using ECAP and cold rolling
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Figure 50: Rear free surface velocity vs. time for impact along all plate directions of Al 5083
samples processed via ECAP and rolling. The different sample types are (a) as-received
rolled Al 5083-H321, (b) ECAP four passes, (c) ECAP followed by warm and cold rolling,
and (d) ECAP followed by cold rolling. The inset better displays the HEL for each data
set.
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Table 6: Calculated and measured free surface velocity data for Al 5083 samples processed
using ECAP and rolling. Multiple sample experiments for rolled specimens are designated
with ST (short transverse), LT (long transverse), or L (longitudinal) to denote the impact
direction with respect to the orientation of the rolled plate. The multiple sample experiment
for the plate processed using ECAP alone is designated withe the through thickness direction
and the two independent ECAP directions measured. The data represents a 95% confidence






















1306 440 433 5.37 3.16 46.6 0.40 99.3 12.9 0.77
1313 ST 418 401 5.16 2.85 53.4 0.45 131.4 24.1 1.07
1313 LT 418 398 5.19 2.85 58.0 0.50 126.4 15.5 1.01
1313 L 418 401 5.07 2.78 42.8 0.37 134.7 15.2 1.06
ECAP 4 Passes
1226 438 432 5.34 3.15 56.7 0.48 112.2 16.6 0.90
1321
Thickness
438 425 5.20 3.05 65.0 0.56 111.8 8.4 0.84
1321
ECAP 1
438 421 5.20 3.00 55.4 0.47 115.9 15.4 0.92
1321
ECAP 2
438 429 5.18 3.06 61.2 0.52 129.0 14.0 1.00
ECAP + Warm and Cold Rolling
1301 441 427 5.36 3.16 85.3 0.72 79.9 6.8 0.60
1322 ST 437 414 5.37 3.07 89.6 0.76 94.4 10.6 0.72
1322 LT 437 415 5.28 3.04 79.6 0.68 134.9 19.2 1.09
1322 L 437 412 5.30 3.02 77.1 0.66 143.2 10.1 1.08
ECAP + Cold Rolling
1303 440 426 5.45 3.18 74.0 0.63 98.8 7.6 0.74
1312 ST 426 402 5.29 2.95 81.6 0.70 111.3 8.9 0.84
1312 LT 426 402 5.24 2.92 75.5 0.65 128.5 14.8 1.01
1312 L 426 400 5.28 2.94 82.6 0.71 142.9 10.1 1.09
100
alone results in an HEL value of 0.63 GPa, which is still much larger than that of either the
rolled plate or the plate processed using ECAP alone.
Figure 52 shows the values of spall strength and HEL as a function of orientation for
each plate specimen. The as-received and ECAP samples show little variation in spall
strength with all values within the error bars for each orientation; however, the HEL shows
some orientation dependence. For the as-received specimens, the HEL ranges between 0.37
GPa to 0.50 GPa, and for the ECAP samples, the HEL ranges between 0.47 GPa to 0.56
GPa. ECAP followed by rolling results in a larger and consistent HEL of approximately
0.7 GPa for any plate orientation; however, the spall strength is drastically reduced for the
through-thickness orientation. The spall strength for the samples processed using ECAP
followed by warm and cold rolling drops from a maximum value of 1.09 GPa to 0.72 GPa,
and the spall strength for the samples processed using ECAP followed by cold rolling drops
from 1.09 GPa to 0.84 GPa.
As shown in Figures 45–48, brittle particles, such as Mn dispersoids and Fe and Si
rich inclusions, grow and align along the grain boundaries after processing with ECAP and
rolling. Therefore, void nucleation sites are preferentially located along planes perpendicular
to the impact direction for impact through the plate thickness and are likely responsible
for the reduced spall strength for impact in this direction. As shown in Figure 46, the
specimen processed by ECAP alone does not have a preferential alignment of inclusions, and
consequently, shows higher spall strength than the rolled specimens and little orientation
dependence. Figure 53 is a post-mortem optical micrograph of the sample processed using
ECAP followed by warm and cold rolling. It clearly shows that spall damage grows from
similar large and cracked particles visible in Figure 47(a) for the samples prior to plate
impact. It is therefore likely that these brittle particles are controlling the spall response
for the samples given post-ECAP rolling.
6.3 Conclusions
The spall properties of large Al 5083 plates processed using equi-channel angular pressing
(ECAP) and post-ECAP rolling were investigated using plate impact testing at peak stresses
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Figure 51: Calculated spall strength and HEL values for impact through the plate thickness
of Al 5083 samples processed via ECAP and rolling
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Figure 52: Calculated spall strength and HEL values for impact along all plate directions
of Al 5083 samples processed via ECAP and rolling. The different sample types are (a)
as-received rolled Al 5083-H321, (b) ECAP four passes, (c) ECAP followed by warm and
cold rolling, and (d) ECAP followed by cold rolling.
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Figure 53: Optical micrograph showing spall damage growing near large and damaged
inclusions for the sample processed using ECAP followed by warm and cold rolling
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near 3 GPa. Processing using ECAP resulted in a uniform sub-micron grain structure with
approximately 400 nm grain size and low misorientation angle between the grains. Large
inclusions and dispersoid particles were present in the microstructure after ECAP, but the
particles were uniformly dispersed. Post-ECAP rolling resulted in cracking and alignment
of the particles along the rolling direction.
The spall strength of Al 5083 processed using both ECAP and post-ECAP rolling is
largely controlled by the alignment and cracking of the brittle particles evolved during pro-
cessing. Processing via ECAP alone results in no alignment of particles, causing increased
spall strength and HEL when compared to a standard rolled plate. The spall strength and
HEL have values of 0.90 GPa and 0.48 GPa respectively for impact through the plate thick-
ness. In addition, the plates processed using ECAP show little orientation dependence for
either property.
Subsequent rolling of the ECAP plates results in significant increases to the HEL, but at
the expense of the spall strength. The HEL values were 0.72 GPa and 0.63 GPa for plates
processed using warm followed by cold rolling and cold rolling alone respectively. The spall
strength decreases dramatically through the plate thickness for both samples rolled after
ECAP. The through-thickness spall strength was 0.60 GPa for the sample processed using
warm and cold rolling, and 0.74 GPa for the sample processed using cold rolling. Post-ECAP
rolling also results in orientation dependent spall properties. For experiments performed
along all three plate orientations, the spall strength fell to 0.72 GPa through the thickness for
the sample processed using warm and cold rolling and 0.84 GPa for the sample processed
using cold rolling from a maximum value of 1.09 GPa in both cases. The orientation
dependent spall properties and decreased spall strength through the thickness are due to the
preferential alignment and cracking of inclusions during the rolling process. Spall damage
was observed to grow from large and damaged inclusions for these sample types. Since
rolling aligns brittle particles along planes perpendicular to the through thickness direction,
the number of spall nucleation sites is maximized for impact in this direction.
Processing via ECAP alone shows promise for increasing the impact resistance of alu-
minum alloy plates, as this resulted in the best combination of both HEL and spall strength.
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Post-ECAP rolling results in an enhanced HEL, which is expected to yield better ballistic
properties; however, the decreased spall strength can result in decreased blast resistance.
Since ECAP increases both the HEL and spall strength, this processing technique is ex-
pected to yield better penetration resistance and blast resistance for Al 5083 armor plates.
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CHAPTER 7
SPALL BEHAVIOR OF AL 5083 WITH AN EQUIAXED GRAIN
STRUCTURE
This chapter focuses on the spall behavior of Al 5083 with an equiaxed grain structure.
Similar to the previous chapter, the grain structure discussed here is uniform with plate
direction; however, the grain size is much larger (approximately 34 μm) than the sub-micron
grain structure produced by ECAP. This uniform microstructure removes the effects of grain
texture on the spall properties that were observed for a rolled plate. The uniform grain
structure can then be compared to the smaller uniform grain structure produced via ECAP,
allowing for the effects of grain size on spall strength to be determined. Symmetric plate
impact testing was performed over a similar stress range as that for the Al 5083-H116




An equiaxed grain structure was produced using the Al 5083-H116 plate described in Chap-
ter 5 as the starting material. An approximately 12′′ x 1.5′′ x 0.5′′ (approximately 305 mm
x 38 mm x 13 mm) rectangular rod was cut from the original rolled plate with the long
axis of the rod along the original rolling direction. The rod was first annealed at 415◦C for
10 min to soften the strain hardened plate, and then stretched to approximately 3% strain
under a strain rate of approximately 1x10−5 s−1 using a 10-ton screw driven Instron tensile
testing machine. This allowed for a uniform state of strain to be achieved in the center
of the rod to act as the driving force for grain growth. The ends of the rod were removed
after stretching as they were deformed from the clamping mechanism attached to the tensile
tester. The center of the rod was annealed again at 415◦C for 24 h to allow significant grain
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Figure 54: Optical microscope images showing the equiaxed grain structure produced after
stretching and annealing an Al 5083-H116 plate. The images show the former (a) short
transverse, (b) long transverse, and (c) longitudinal planes respectively. The original rolled
Al 5083 plate was stretched to a 3% strain followed by annealing at 415◦C for 24 h to
produce this microstructure.
growth to occur. Figure 54 displays the microstructure along each of the three orthogonal
plate directions after the final 24 h annealing treatment.
Figure 54 shows that the stretching and annealing treatments result in a uniform
equiaxed grain structure with orientation. The mean intercept grain size (< G >) was
measured as 34 ± 11 μm along any of the three orthogonal plate directions. This can be
compared to the large difference in < G > for the original Al 5083-H116 plate shown in
Table 3, whereby the values range from 66 ± 20 along the rolling direction to 9 ± 1 through
the plate thickness. This microstructure should thus remove the effects of grain texture on
the spall properties that were observed for plate impact testing of the original rolled plate.
7.1.2 Plate Impact Experiments
Three target samples were machined from the stretched and annealed bar for plate impact
testing over the stress range between 1.4 and 5.5 GPa. Impact experiments were performed
in the through-thickness direction of the original rolled plate. The density (ρ) of the Al 5083
samples was measured as 2.664 ± 0.007 g/cm3, which is similar to the value for the rolled
Al 5083-H116 plate. The sound speeds (C) for the equiaxed samples were measured for
calculation of the spall strength, HEL, and elastic constants. Table 7 lists the longitudinal
wave speed, shear wave speed, bulk wave speed, shear modulus, bulk modulus, elastic































































































































































































Three Al 5083 samples with an equiaxed grain structure were impacted at 194 m/s, 430 m/s,
and 744 m/s for a stress range between 1.4 and 5.5 GPa. Table 8 lists the measured
parameters for each experiment. The impact velocity (Vimpact) was measured using velocity
pins, as shown in Figure 29. The free surface velocities at the peak state (upeak) and the
HEL (uHEL) along with the pullback velocity (Δufs) were measured from the free surface
velocity profiles, as shown in Figure 13. The shock wave velocity (US) was measured using
the impact timing and shock wave arrival time visible in the free surface velocity profiles.
The HEL stress (σHEL), spall strength (σspall), and peak stress (σpeak) were calculated using
Equations 5–8, with the spall strength correction factor (δ) calculated using Equation 7.
7.2.1 Free Surface Velocity
The VISAR rear free surface velocity data for the impacted Al 5083 samples is shown in
Figure 55. Two unique features are observed in the velocity profiles. The first feature is that
of upper and lower yielding at the HEL visible in the inset of Figure 55. This phenomenon is
known as precursor decay and has been observed previously for annealed aluminum samples
[113]. Precursor decay is often attributed to an initially high stress required to nucleate
dislocations followed by a steep drop-off in stress after dislocations have been nucleated
[112]. Since this material was annealed, the initial dislocation density should be negligible,
requiring the nucleation of dislocations for dynamic yielding to occur; therefore, the upper
and lower yielding is consistent with the microstructural state of the material. The lower
yield point in Figure 55 remains relatively constant with impact velocity (or peak stress);
however, the upper yield point is stress dependent and increases with increasing impact
velocity.
The second unique feature in the data is a “dip” in the release from the peak velocity,
which becomes more prominent as the impact velocity increases. For impact at 744 m/s
the initial dip is followed by a smaller “pullback” and then the expected release. While the
cause of this phenomenon is not yet known, it is possible that the upper and lower yielding
and this second feature are both related to changes in dislocation density.
110
Figure 55: Rear free surface velocity data for Al 5083 samples with an equiaxed grain
structure. The inset better displays the HEL for each data set.
The pullback velocity increases with increasing impact velocity, indicating that the spall
strength is impact stress dependent for the case of the equiaxed grain structure. This is in
contrast to the rolled Al 5083-H116 plate that showed a relatively constant spall strength
with impact stress. The HEL and spall strength values will be quantified and discussed in
the next section.
7.2.2 Spall Strength and HEL
The spall strength (σspall) and HEL (σHEL) values were calculated using the free surface
velocity data shown in Figure 55 along with Equations 5–7. The free surface velocity data
used in Equations 5–7 is listed in Table 8. The calculated values of spall strength and HEL
are shown for impact through the plate thickness in Figure 56.
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1318 196 194 5.26 1.43 39.5 0.34 112.0 10.0 0.84
1323 433 430 5.20 3.04 37.9 0.32 109.3 15.6 0.86
1317 743 744 5.54 5.53 38.1 0.32 116.7 16.7 0.92
The HEL and spall strength values are shown in Figure 56 as a function of the peak
stress. Both the upper and lower HEL values are given in Figure 56(a). The lower HEL
value remains relatively constant with peak stress and has an average value of 0.33 ± 0.02
GPa. This is lower than the HEL value of 0.43 GPa measured for the Al 5083-H116 plate.
Since this plate was in the fully annealed condition compared to the heavily strain hardened
rolled plate, it is to be expected that yielding would occur at a lower stress. The upper
HEL, on the other hand, displays stress dependent behavior and increases from a value of
0.38 GPa at a peak stress of 1.4 GPa to a value of 0.48 GPa at a peak stress of 5.5 GPa.
Therefore, the upper HEL value for the equiaxed microstructure increases to a value above
that of the original rolled plate as peak stress increases.
It has been shown that the HEL of materials displaying precursor decay should be
limited by a stress value corresponding to a particle velocity equal to the DeBroglie wave
velocity [111]. This DeBroglie limiting HEL value is given by Equations 27 and 28, and
corresponds to a value of 0.24 GPa for the equiaxed Al 5083 microstructure. The value
corresponds well to the value of 0.33 GPa for the lower yield point at the HEL.
The spall strength values, shown in Figure 56(b), may also reflect peak stress depen-
dence; however, the values are all within the error bars, making this difficult to ascertain.
The spall strength ranges from 0.84 GPa at a peak stress of 1.4 GPa to 0.92 GPa at 5.5
GPa peak stress. The average spall strength value is 0.87 ± 0.08 GPa, which is within
the error bars of the spall strength for the rolled plate (0.81 GPa); however, for individual
impact velocities, the spall strength is higher and outside the error bars for the equiaxed
microstructure versus the rolled plate microstructure (see Table 8 compared to Table 4).
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Figure 56: Calculated (a) HEL and (b) spall strength data as a function of the peak stress
for Al 5083 samples with an equiaxed grain structure
7.3 Conclusions
Stretching and annealing a rolled Al 5083-H116 plate results in an equiaxed grain structure
with a 34 μm grain size. Plate impact testing of this material reveals an upper and lower
yielding behavior at the HEL. The lower HEL value remained relatively constant at 0.33
GPa, but the upper HEL value increased from 0.38 GPa to 0.48 GPa over the stress range
of 1.4 GPa to 5.5 GPa. It is likely that the upper and lower yielding are related to the lower
dislocation density after annealing, whereby an initially high stress is required to nucleate
dislocations at the wave front. The lower yield point corresponds well to the DeBroglie
limiting HEL value of 0.24 GPa for this alloy. The spall strength of the equiaxed grain
structure is 0.87 GPa, which is higher than that of the rolled Al 5083 plate, but there were
large error bars in the spall strength values.
The microstructure produced by ECAP in Chapter 6 (with a 0.4 μm grain size) and
the equiaxed grain structure presented here (with a 34 μm grain size), result in higher spall
strength values than that of the rolled Al 5083 plate. Therefore, spall strength does not
appear to be a direct function of grain size for Al 5083 samples. Instead, the uniformity of
the microstructure appears to result in the increasing spall strength.
113
CHAPTER 8
SPALL BEHAVIOR OF PRECIPITATION HARDENED
ALUMINUM-9WT.% MAGNESIUM
This chapter focuses on the spall behavior of an extruded Al-9wt.% Mg plate as a function
of various heat treatments. The plate was provided by Universal Alloys, Inc., and had trace
silver additions. Al-Mg alloys with high magnesium content, especially along with silver ad-
ditions, are known to result in a precipitation hardenable system [2, 71–77]. Al-Mg (5XXX)
alloys, such as Al 5083, used for armor plating traditionally rely on strain hardening as the
primary strengthening mechanism since secondary phases, such as precipitates, can prefer-
entially nucleate spall damage during blast or impact loading [79]. However, contrary to
previous studies, precipitation hardened Al 6061 has shown increased resistance to spalling
with aging [80]. The Al-9wt.% Mg alloy was therefore investigated to further explore the
effects of precipitation on the spall behavior.
Symmetric plate impact experiments were performed on the Al-9wt.% Mg alloy, named
U506, which was processed using a variety of solution and aging heat treatments to ascertain
the best processing method to precipitation harden the material. Plate impact experiments
were performed on the highest strength precipitation hardened sample, a solution treated
sample, and the as-received extruded plate. Experiments were performed through the thick-
ness at a peak stress near 3 GPa, which is near the middle of the range tested for the rolled
Al 5083-H116 plate presented in Chapter 5. The purpose of these experiments was to
determine the effects of precipitate phases on the spall strength of Al-Mg alloys.
8.1 Experimental Procedure
8.1.1 Materials
As previously mentioned, increasing the magnesium content in Al-Mg alloys, especially
along with the addition of trace amounts of silver, can result in an age-hardenable system.
An Al-9wt.% Mg alloy (U506) with silver additions was provided by Universal Alloys, Inc.
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Figure 57: Optical micrograph showing the grain structure of an Al-9wt.% Mg alloy after
extrusion. The image displays some partial recrystallization likely due to dynamic recrys-
tallization during extrusion.
for selected heat treatments. The grain structure of the as-extruded material is shown
in Figure 57. Some recrystallization is visible as seen in the micrograph, but there are
large regions that are devoid of recrystallization. Since Al-Mg alloys with high magnesium
content are known to dynamically recrystallize, it is likely that recrystallization occurred
during extrusion.
8.1.2 Heat Treatments
The Al-Mg phase diagram is shown in Figure 1. In order to adequately solution heat treat
the U506 material, the solution treatment temperature should be well within the single
phase field at 9 wt.% Mg; however, care must be taken to avoid non-equilibrium melting
during the solution treatment caused by solutionizing at a temperature too close to the
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solidus line. With these requirements in mind, solution heat treatment was performed at
800◦F (approximately 430◦C) for times up to 24 h.
Previous work by Kubota and co-workers [2, 71–74] for a similar high magnesium content
alloy used a much higher temperature (500◦C) for solution treatment. This temperature
was judged to be too close to the solidus line shown in Figure 1 to yield an effective
microstructure. Instead, a dual solution heat treatment was also used with an initial heat
treatment at the lower (430◦C) temperature for four hours followed by a slow 50◦F/h
(approximately 25◦C/h) ramp up to a higher temperature of 900◦F (approximately 480◦C)
for 1 h. This dual solution heat treatment was designed to adequately solutionize the
large degree of solute within the alloy without resulting in detrimental melting during heat
treatment.
After solution treatment, precipitation hardening was performed at temperatures of
150◦C, 200◦C, and 250◦C for times up to 200 h. Optical microscopy and Vickers micro-
hardness measurements were performed on the solution treated and age hardened specimens
in order to characterize the microstructure resultant from heat treatments and to quantify
the strengthening behavior of the precipitate phases generated. The location of the pre-
cipitate phases, whether at the grain boundaries or within the bulk interior of the grains,
was of particular interest, as this will determine the effectiveness of strengthening the U506
alloy via these heat treatment procedures.
8.1.3 Plate Impact Experiments
Plate impact experiments were performed on the U506 specimens using Al 5083-H116 flyer
plates. This material is the same as that described in Chapter 5. The sound speeds and
elastic constants were similar enough that spalling would occur near the mid-plane of the
sample (as in symmetric plate impact experiments) using the setup shown in Figure 29. The
experiments were performed at an impact velocity near 430 m/s (approximately 3 GPa) for
three specimens corresponding to different degrees of heat treatment. The three specimens
include:
1. As-received extruded Al-9wt.% Mg (U506)
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2. Solution treated U506 (heat treatment at 430◦C for 4 h followed by 480◦C for 1 h)
3. Precipitation hardened U506 (solution treated followed by age hardening at 150◦C for
200 h)
The reason for the particular heat treatment schedules chosen for the plate impact
specimens will be reported and discussed in the following section. The results of the plate
impact tests will show the spall properties for a microstructure devoid of precipitates and
a microstructure at the peak aged condition compared to the standard extruded plate.
The density (ρ) of U506 was measured as 2.616 ± 0.003 g/cm3 regardless of heat treat-
ment condition. The sound speeds (C) of each sample type were measured for calculation
of the spall strength, HEL, and elastic constants. Table 9 lists the longitudinal wave speed,
shear wave speed, bulk wave speed, shear modulus, bulk modulus, elastic modulus, and
Poisson’s ratio (CL, CS , CB, G, B, E, and ν respectively) for each of the three impacted
samples.
Table 9: Material properties of an Al-9wt.% Mg alloy (U506) as a function of heat treatment
condition. Solution treatment consisted of a dual solution heat treatment at 430◦C for 4 h
followed by 480◦C for 1 h. Age hardening was performed at 150◦C for 200 h. The error
represents a 95% confidence interval in all cases.
As-Received Solution Treated Precipitation Hardened
CL [mm/μs] 6.31 ± 0.02 6.32 ± 0.02 6.27 ± 0.01
CS [mm/μs] 3.18 ± 0.01 3.26 ± 0.01 3.08 ± 0.01
CB [mm/μs] 5.13 ± 0.04 5.08 ± 0.04 5.16 ± 0.03
G [GPa] 26.5 ± 0.3 27.9 ± 0.3 24.8 ± 0.2
B [GPa] 69 ± 1 67 ± 1 70 ± 1
E [GPa] 70 ± 1 73 ± 9 66 ± 9
ν 0.33 ± 0.01 0.32 ± 0.01 0.34 ± 0.01
8.2 Results
8.2.1 Solution Treatment
The Al-9wt.% Mg samples were first solution treated for up to 24 h at 430◦C, which is
well within the single phase field for this composition (see Figure 1). The progression
in the aluminum microstructure with time at the solution treatment temperature can be
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Figure 58: Optical micrographs of an Al-9wt.% Mg alloy during solution heat treatment
at 430◦C for (a)0 h, (b) 0.5 h, (c) 4 h, and (d)24 h. The samples were etched with Keller’s
reagent to reveal secondary phases.
seen in Figure 58. The samples were etched with Keller’s reagent to selectively remove
secondary phases within the material. As Figure 58(a) shows, the initial microstructure
appears dark due to the large degree of β phase precipitates removed during etching. As
solution treatment progresses, the micrographs lighten dramatically as the precipitates go
back into solution in the matrix phase. After solution treatment for 24 h, additional heat
treatment results in little change to the microstructure. There are still precipitates visible
in the microstructure even after 24 h of heat treatment. Therefore, the single solution
treatment does not yield a clean microstructure suitable for age hardening.
A dual solution heat treatment was also performed at 430◦C for 4 h followed by 480◦C for
1 h. The microstructure after the first stage of heat treatment is shown in Figure 59(a), and
the microstructure after the second stage of heat treatment is shown in Figure 59(b). The
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Figure 59: Optical micrographs comparing the extent of secondary phases remaining in an
Al-9wt.% Mg alloy after (a) a single solution heat treatment at 430◦C for 24 h and (b) a
dual solution heat treatment at 430◦C for 4 h followed by 480◦C for 1 h. The samples were
etched with Keller’s reagent to reveal secondary phases.
dual solution treatment results in a cleaner microstructure than a single solution treatment
at lower temperature. The microstructure of the sample from this two-stage treatment,
shown in Figure 59(b), is cleaner than the 24 h single solution treatment, shown in Figure
58(d). Therefore, a dual heat treatment is more effective at solutionizing the precipitates
in the microstructure of U506.
The grain structure after the dual solution heat treatment is shown in Figure 60. When
compared to the as-received material shown in Figure 57, there is a larger degree of recrys-
tallized grains with few of the original high angle grain boundaries visible in the micrograph.
Therefore, the dual solution treatment necessary to remove the precipitate phase, also af-
fects the initial grain structure.
8.2.2 Age Hardening
The microstructure shown in Figure 58(d) for single solution treatment for 24 h and the
microstructure shown in Figure 59(b) for dual solution treatment were used as the starting
microstructures for age hardening. After solution treatment, the Al-9wt.% Mg alloy was age
hardened at 150, 200, and 250◦C for times up to 200 h. The β phase is a stable precipitate
phase at these temperatures, as seen in Figure 1. The precipitate microstructure as a
function of aging time at each of these temperatures is shown in Figures 61–63 for aging
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Figure 60: Optical micrographs showing the grain structure of an Al-9wt.% Mg alloy after
a dual solution heat treatment at 430◦C for 4 h followed by 480◦C for 1 h. The samples
were anodized using the Barker’s etchant to reveal grain structure.
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Figure 61: Optical micrographs of an Al-9wt.% Mg alloy during age hardening at 150◦C
for (a)10 min, (b) 2 h, (c) 4 h, and (d)24 h after a single solution heat treatment at 430◦C
for 24 h. The samples were etched with Keller’s reagent to reveal secondary phases.
after the single solution treatment and Figures 64–66 for aging after the dual solution
treatment respectively.
As shown in Figures 61–63, after the single solution heat treatment schedule, the pre-
cipitates initially form at the grain boundaries, making the grain structure visible after
etching. As the aging time increases, the precipitates begin to form within the grain inte-
riors, yielding a more uniform microstructure. Eventually, the precipitate volume fraction
becomes large enough to make the images appear uniformly dark after etching. The pro-
gression from precipitation at grain boundaries to the uniform dispersion of precipitates
occurs faster with higher temperature with grains disappearing after 24 h, 4 h, and 2 h of
aging at 150◦C, 200◦C, and 250◦C respectively.
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Figure 62: Optical micrographs of an Al-9wt.% Mg alloy during age hardening at 200◦C
for (a)10 min, (b) 2 h, (c) 4 h, and (d)24 h after a single solution heat treatment at 430◦C
for 24 h. The samples were etched with Keller’s reagent to reveal secondary phases.
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Figure 63: Optical micrographs of an Al-9wt.% Mg alloy during age hardening at 250◦C
for (a)10 min, (b) 2 h, (c) 4 h, and (d)12 h after a single solution heat treatment at 430◦C
for 24 h. The samples were etched with Keller’s reagent to reveal secondary phases.
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Figure 64: Optical micrographs of an Al-9wt.% Mg alloy during age hardening at 150◦C
for (a)10 min, (b) 2 h, (c) 4 h, and (d)24 h after a dual solution heat treatment at 430◦C
for 4 h followed by 480◦C for 1 h. The samples were etched with Keller’s reagent to reveal
secondary phases.
As shown in Figures 64–66, after the dual solution heat treatment schedule, the pre-
cipitates also form at the grain boundaries for the earliest aging times; however, the pro-
gression from grain boundary precipitation to precipitation within the grain interior occurs
more quickly than after the single solution heat treatment. The grain structure is no longer
visible after 4 h and 10 min of aging at 150◦C and 200◦C respectively, and is not visible for
any of the aging times sampled for precipitation hardening at 250◦C.
The difference in the precipitation behavior for the single solution treatment versus the
dual solution treatment is most likely due to a large degree of solute segregation at the grain
boundaries in the as-received material. The single solution treatment is not as effective at
reducing this solute segregation as the dual solution treatment. This is evidenced by the
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Figure 65: Optical micrographs of an Al-9wt.% Mg alloy during age hardening at 200◦C
for (a)10 min, (b) 2 h, (c) 4 h, and (d)24 h after a dual solution heat treatment at 430◦C
for 4 h followed by 480◦C for 1 h. The samples were etched with Keller’s reagent to reveal
secondary phases.
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Figure 66: Optical micrographs of an Al-9wt.% Mg alloy during age hardening at 250◦C
for (a)10 min, (b) 2 h, (c) 4 h, and (d)12 h after a dual solution heat treatment at 430◦C
for 4 h followed by 480◦C for 1 h. The samples were etched with Keller’s reagent to reveal
secondary phases.
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Figure 67: Optical micrographs of an Al-9wt.% Mg alloy during age hardening at 150◦C
for (a)and (d) 10 min, (b) and (e) 2 h, and (c) and (f) 4 h. Images (a)–(c) show the
microstructure for aging after a single solution heat treatment at 430◦C for 24 h, and
images (d)–(f) show the microstructure for aging after a dual solution heat treatment at
430◦C for 4 h followed by 480◦C for 1 h. The samples were etched with Keller’s reagent to
reveal secondary phases.
fact that precipitation occurs preferentially at grain boundaries for longer periods of time
for the single heat treatment schedule. Figure 67 shows the precipitation sequence after
aging at 150◦C for 10 min, 24 h, and 100 h. Figures 67(a)–67(c) show the microstructure
after the single solution treatment only, and Figures 67(d)–67(f) show the microstructure
after the dual solution treatment. At any given aging time, the dual solution treatment
results in a larger degree of bulk precipitation versus grain boundary precipitation than the
single solution treatment. Thus, it is expected that age hardening after the dual solution
treatment will result in increased strength when compared to aging after a single solution
treatment.
The effects of aging treatment on the Vickers microhardness of the Al-9wt.% Mg alloy
are shown in Figure 68 and Figure 69 for samples given a single and dual solution heat
treatment, respectively. For aging after the single solution treatment, some strengthening
is evidenced for each aging temperature with a great deal of scatter in the data with aging
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time. The precipitation kinetics are fastest for aging at 250◦C as the peak in hardness is
reached between 2 to 4 h. Further aging at this temperature results in an overaged system
and decreasing hardness with aging time. It is possible the peak hardness has just been
reached for the longest aging times at 200◦C, but the hardness is still increasing for aging
at 150◦C even after 200 h. The hardness peaks are reached at longer times at the lower
temperatures due to slower precipitation kinetics; however, the peak values increase due to
an expected higher precipitate volume fraction. The highest measured hardness was 137 HV
for aging at 150◦C following a single solution heat treatment. This hardness increase can be
compared to the solution treated sample’s hardness of 117 HV. The hardness never reached
the peak value for aging at 150◦C, so the material could potentially be strengthened to a
higher degree by aging at this temperature for longer times.
In contrast to the data shown in Figure 68, the hardness data shown in Figure 69 for
aging after the dual solution heat treatment shows much cleaner trends with time. The
hardness reaches a peak value after 2 h for aging at both 250◦C and 200◦C, which is faster
than for the single solution treatment. The peak in hardness may have been reached for
age hardening at 150◦C after 200 h, as the data has just begun to level off. The maximum
hardness values are 150 HV, 135 HV, and 126 HV for age hardening at 150◦C, 200◦C,
and 250◦C respectively. The maximum values are similar to those shown in Figure 68 for
aging at 200◦C and 250◦C, but the hardness maximum was not reached even after 200 h
at 150◦C following a single solution heat treatment. Precipitation hardening after the dual
solution heat treatment thus results in a faster rise to the peak in hardness, allowing for
strengthening to be imparted to the U506 material after a more practical time frame.
8.2.3 Results of Plate Impact Experiments
Plate impact experiments were performed on the as-received U506 plate, a solution treated
sample, and a precipitation hardened sample. The solution treated sample was given a
dual solution heat treatment, as this resulted in the least amount of solute segregation
and a better microstructure after aging. The precipitation hardened sample was given
the dual aging treatment followed by aging at 150◦C for 200 h. As shown in Figure 69,
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Figure 68: Vickers microhardness data for an age hardened Al-9wt.% Mg alloy after a
single solution heat treatment at 430◦C for 24 h. Age hardening was performed at 150◦C,
200◦C, and 250◦C. The data points at 0.001 h correspond to the solution treated sample.
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Figure 69: Vickers microhardness data for an age hardened Al-9wt.% Mg alloy after a
dual solution heat treatment at 430◦C for 4 h followed by 480◦C for 1 h. Age hardening
was performed at 150◦C, 200◦C, and 250◦C. The data points at 0.001 h correspond to the
solution treated sample.
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this sample displayed significant strengthening under quasi-static testing conditions. Plate
impact testing was then used to determine what effect precipitation hardening has on U506
under dynamic testing conditions.
Table 10 lists the measured parameters for each experiment. The impact velocity
(Vimpact) was measured using velocity pins, as shown in Figure 29. The free surface ve-
locities at the peak state (upeak) and the HEL (uHEL) along with the pullback velocity
(Δufs) were measured from the free surface velocity profiles, as shown in Figure 13. The
shock wave velocity (US) was measured using the impact timing and shock wave arrival time
visible in the free surface velocity profiles. The HEL stress (σHEL), spall strength (σspall),
and peak stress (σpeak) were calculated using Equations 5–8, with the spall strength correc-
tion factor (δ) calculated using Equation 7.
8.2.3.1 Free Surface Velocity
The VISAR free surface velocity traces for the three U506 samples are shown in Figure 70.
The inset clearly shows that precipitation hardening dramatically increases the HEL above
that of the solution treated sample. The precipitation hardened sample also displays a larger
HEL than the as-received plate. The as-received and solution treated specimens display
upper and lower yielding, similar to the equiaxed grain structure, discussed in Chapter 7.
It is expected that solution treatment would remove significant dislocation density, similar
to that in the annealed microstructure presented in Chapter 7, whereby the upper yield
point is associated with the stress necessary to nucleate dislocations. As shown in Figure
57, the as-received sample is partially recrystallized. The dislocation density removed during
recrystallization can account for the slight upper and lower yielding displayed by the as-
received specimen. The upper HEL value for both of these specimens is similar to the HEL
of the precipitation hardened specimen. The precipitate microstructure most likely inhibits
deformation such that new dislocation nucleation is not sufficient to result in decreasing
elastic stress at the HEL.
The data for the U506 specimens is similar to that for the equiaxed specimens in that
there are multiple peaks in the data during the release from the peak velocity and during
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Figure 70: Rear free surface velocity data as a function of heat treatment condition for Al-
9wt.% Mg samples impacted near 430 m/s. Solution treatment consisted of a dual solution
heat treatment at 430◦C for 4 h followed by 480◦C for 1 h. Age hardening was performed
at 150◦C for 200 h. The inset better displays the HEL for each data set.
the recompression after pullback. These features are present for all three samples, indicat-
ing that the phenomenon is due to the alloy itself rather than the extent of precipitation
hardening resultant from the heat treatments used. This phenomenon is again observed
concurrently with precursor decay, which is further evidence that these two features may
be correlated.
The pullback velocity is largest for the as-received plate, resulting in the as-received
plate having higher spall strength than the solution heat treated and precipitation hardened
samples. The spall strength and HEL will be quantified and discussed in the next section.
8.2.3.2 Spall Strength and HEL
The spall strength (σspall) and HEL (σHEL) values were calculated using the free surface
velocity data shown in Figure 70 along with Equations 5–7. The free surface velocity data
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used in Equations 5–7 is listed in Table 10. The calculated values of spall strength and HEL
are shown for impact through the plate thickness in Figure 71.
Table 10: Calculated and measured free surface velocity data for an Al-9wt.% Mg alloy
(U506) as a function of heat treatment condition. The different sample types are the
as-received (AR) extruded plate, the solution treated (ST) sample, and the precipitation
hardened (PPT) sample. Solution treatment consisted of a dual solution heat treatment at





















1333 AR 431 428 5.33 3.04 47.7 0.39 100.7 28.2 0.87
1331 ST 426 425 5.31 2.98 25.1 0.21 94.7 15.6 0.73
1324 PPT 422 416 5.46 3.04 63.4 0.52 89.6 17.8 0.72
Figure 71 shows that the precipitation hardened sample displays the highest HEL of
0.52 GPa. This is followed by the as-received sample and the solution treated sample with
values of 0.39 GPa and 0.21 GPa respectively. Precipitation hardening is therefore effective
at increasing the yield resistance under dynamic loading conditions. Strain hardening via
extrusion is also effective at increasing yield resistance, but to a lesser extent than the
precipitation hardened sample. The lower HEL value for the solution treated specimen
(0.21 GPa) matches well with the DeBroglie limited value of the HEL calculated using
Equation 28. This limiting value is 0.18 GPa for this alloy.
The spall strength displays a different trend with processing. The as-received sample
displays the highest spall strength at 0.87 GPa, whereas both the solution treated sample
and the precipitation hardened sample display essentially identical spall strength values of
0.73 GPa and 0.72 GPa respectively. Hence, precipitation hardening appears to have no
effect whatsoever on the spall strength, as the spall strength is the same as the sample
completely devoid of precipitates. It is likely that changes to the grain structure during so-
lution treatment decrease the spall strength for both the solution treated and precipitation
hardened specimens. As seen in Figures 57 and 60, the grain structure displays significantly
more recrystallization after solution treatment. The formation of new high angle grain
boundaries could result in additional spall nucleation sites. In addition, the reduction in
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Figure 71: Calculated spall strength and HEL data as a function of heat treatment condition
for Al-9wt.% Mg samples impacted near 430 m/s. Solution treatment consisted of a dual
solution heat treatment at 430◦C for 4 h followed by 480◦C for 1 h. Age hardening was
performed at 150◦C for 200 h.
dislocation density during heat treatment could result in easier void growth during spalla-
tion. Strain hardening via extrusion, thus appears to be a better strengthening mechanism
than precipitation hardening for U506, as it displays both a moderately high HEL value,
without the loss of the spall strength caused by heat treatments.
8.3 Conclusions
An Al-9wt.% Mg alloy with trace additions of silver was found to be precipitation hardenable
when heat treated properly. The high magnesium content resulted in a large amount of
solute segregated at the grain boundaries in the initial microstructure. In order to properly
solutionize the microstructure, a two-step heat treatment method was used with a slow
ramp up rate to the second higher temperature. Age hardening at 150◦C, 200◦C, and
250◦C was more effective after the dual solution heat treatment when compared to aging
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after a single solution heat treatment at the same temperatures. Aging after the dual
solution treatment resulted in precipitation within the bulk interior of grains, rather than
at the grain boundaries, over a wider period of time than for the single heat treatment.
This in turn resulted in a faster rise to the peak in hardness for samples aged after the dual
solution treatment.
Three specimens were tested using plate impact experiments—the as-received plate, a
dual solution heat treated sample, and a precipitation hardened sample. Precipitation hard-
ening resulted in the largest value of the HEL at 0.52 GPa, indicating that precipitation
hardened Al-Mg alloys would yield better penetration resistant armor plates. However, the
as-received plate displayed the largest spall strength value of 0.87 GPa, as compared to
identically low values of the spall strength (0.73 GPa and 0.72 GPa) for both the solution
treated and precipitation hardened samples. The results indicate that precipitate strength-
ening has no effect on the spall strength of Al-Mg alloys; however, the spall strength is
larger for the strain hardened as-received plate in comparison to heat treated samples.
Strain hardening thus appears to be a superior strengthening mechanism for Al-Mg alloys
to yield blast resistant armor plates.
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CHAPTER 9
ONE-DIMENSIONAL NUMERICAL MODELING OF THE SPALL
RESPONSE OF AL 5083
This chapter will discuss the use of one-dimensional (1-D) simulations to model the spall
response of Al 5083 as a function of the microstructural state. The simulated data will
be compared to experimentally obtained free surface velocity profiles obtained from plate
impact experiments presented in the preceding chapters. Dynamic fracture was modeled
using the Cochran and Banner [107] spall model, which uses a damage parameter related to
the void size distribution prior to coalescence. The damage length scale will be related to the
size of the grains and inclusions for each of the differently processed Al 5083 samples (rolled
plate, processed with ECAP, and annealed). The results will show which microstructural
feature (grains or inclusions) is most responsible for void formation during spalling.
9.1 Procedure
Simulations were performed to fit the experimental free surface velocity data for plate impact
using three Al 5083 sample types. The three sample types were a rolled Al 5083-H116 plate,
Al 5083 processed using ECAP (without post-ECAP rolling), and Al 5083 with an equiaxed
grain structure. Detailed descriptions of these three specimen types along with the results
of plate impact experiments are presented in Chapters 5–7.
9.1.1 Plate Impact Experiments
All experimental plate impact results are for impact through the plate thickness using 5 mm
thick flyer plates and 10 mm thick target samples. Experimental impact data for Al 5083-
H116 was used to fit the equation of state (EOS) over a wide range of impact velocities and
their corresponding peak stresses. Impact was performed near 200 m/s, 430 m/s, 670 m/s,
and 830 m/s for a peak stress range of 1.5–6.2 GPa. Comparisons of the spall response of
each microstructure were made for a similar impact velocity of 430 m/s and a peak stress
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near 3 GPa. The plate impact experiment data is mentioned in greater detail in Chapters
5–7 for each individual Al 5083 sample type.
9.1.2 One-Dimensional Simulations
One-dimensional (1-D) simulations of the plate impact tests were performed using the
Shock-1D program [116], which is a Lagrangian finite element code. A mesh size of 2 μm
was used for each simulation, and the velocity at the sample rear free surface was recorded
for every picosecond at the node closest to the rear surface. The simulated rear free surface
velocity was fit to the experimental free surface velocity measured by the VISAR system
during plate impact experiments.
A set of simulations was first performed to fit the peak state (mean stress value) of the
experimental free surface velocity data from Al 5083-H116 plate impact over a wide range of
experimental peak stresses. The equation of state (EOS) from this fit was used to simulate
the peak states of the other two remaining Al 5083 microstructures for an experimental
peak stress near 3 GPa. After a good fit of the peak state was achieved, the spall behavior
after the pullback signal was fit for each of the three Al 5083 sample types.
A detailed explanation of the various Shock-1D input parameters is available in Section
3.6. Briefly, the material density (ρ0), shear modulus (G0), and bulk modulus (K0) values
obtained from ultrasonic testing, listed in Tables 3, 5, and 7, were used as inputs for each
microstructure. The Gruneissen constant for Al 5083 is 1.98 [81]. The remaining polynomial
fitting constants (K2, K3, and K4) for the EOS shown in Equation 36 were varied until the
simulated peak free surface velocity matched the experimental data over the measured peak
stress range. The remaining constants (necessary to calculate the deviatoric stress) are the
yield stress (σys), hardening constant (H
′), and the linear and quadratic artificial viscosity
constants. The viscosity constants were kept at the default values of 0.2 and 2 respectively,
while the viscoplastic data was estimated using tensile test data available in the literature
[120, 121]. The viscoplastic terms were also varied to yield the best fit to the experimental
HEL value and shock arrival time observed in the free surface velocity data.
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The spall behavior was modeled using the Cochran and Banner [107] spall model, which
uses three input parameters—the spall strength, damage parameter, and damage exponent.
The damage exponent was kept as 2/3, as this is the expected value for ductile materials
[107, 108]. The spall strength was increased from the experimentally measured value so
that the simulated free surface velocity could align with the measured free surface velocity
after the pullback. The simulated release from the peak velocity from one-dimensional
modeling will be steeper than the measured data due to the quasi-elastic release behavior of
aluminum. Quasi-elasticitiy is a 2-D effect that cannot be captured using 1-D simulations
[93]; therefore, the pullback will occur earlier in time than the measured data for a similar
spall strength value using 1-D simulations. Increasing the simulated spall strength results
in a larger pullback velocity than the experiment and allows for the re-compression slope
after pullback to match the experimental data. The larger simulated spall strength value is
not important as the main parameter of interest was the damage size parameter (D0). D0
was fit to yield the best match to the experimental data after the pullback signal and was
used to make comparisons between the spall response of each microstructure. The grain
size and the distribution of brittle phases (inclusions and dispersoids) were quantified and
compared to the simulated D0 value to show which microstructural feature controls the
spall behavior of Al 5083.
9.2 Results
Fitting of the experimental Al 5083-H116 plate impact data was performed for impact
velocities ranging from 200 m/s to 830 m/s to yield the best fit to the peak state. Fitting
of the spall behavior for each Al 5083 microstructure (rolled plate, processed with ECAP,
and equiaxed microstructure) was performed for plate impact experiments performed near
430 m/s. The simulated damage parameter value was then compared to the size of the
grains and brittle particles present for each microstructure.
9.2.1 Peak Stress and Equation of State
The best fit of the simulated peak free surface velocity to the measured Al 5083-H116 plate
impact data using the polynomial Equation of state (EOS) parameters (K2, K3, and K4)
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resulted in the values listed in Table 11. As shown in Equation 36, this EOS is a polynomial
expansion with the compression (μ), given by Equation 37. For the peak stress range used
(up to 6.2 GPa), the data did not depend on K4. This is because K4 fits the fourth order
dependence of the compression and will thus model the mean stress for very large values
of μ. Such large compressions were not experimentally measured for the impact velocities
used, so K4 was unnecessary to describe the change in mean stress with compression for
these experiments.
Table 11: Variables for equation of state (EOS) used to calculate mean stress in one-
dimensional simulations. The variables are the Gruneissen parameter (γ) and fitting con-
stants (K2, K3, and K4) for the polynomial EOS. The bulk modulus (K0) from measured
ultrasonic data was used for each microstructure.
γ K2 [GPa] K3 [GPa] K4 [GPa]
1.98 8 1300 0
The fits of the simulated free surface velocity data to the peak state of the experimentally
obtained profiles for impact at 200, 430, 670, and 830 m/s are shown in Figures 72–75. The
simulated data shows a good match to the peak free surface velocity recorded by the VISAR,
indicating that the EOS data shown in Table 11 is reasonably accurate.
The experimentally calculated spall strengths (listed in Table 4) were used for the sim-
ulated data shown in Figures 72–75. This results in similar values of the pullback velocity
in every case; however, the pullback occurs earlier for the simulated results as compared
to the experimental results, due to the quasi-elastic release behavior of aluminum, whereby
an abrupt transition from elastic to plastic release does not occur. This is at least a two-
dimensional behavior [93]; one-dimensional simulations cannot capture the singular slope
of the release. Figures 72–75 do show that the spall strength from the Cochran and Banner
[107] model results in a good match to the experimental pullback velocity (and the exper-
imental spall strength), hence, Shock-1D can yield accurate spall strength values despite
the different release behavior. The simulations discussed in the next section will use higher
spall strength values than those experimentally obtained so that the data after the pullback
can be fit to yield the damage size parameter for each Al 5083 microstructure.
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Figure 72: Rear free surface velocity vs. time for both experimental and simulated impact
of Al 5083-H116 near 200 m/s. The simulated data was fit to the HEL and peak state for
this simulation. The pullback velocity is similar, as the spall strength from experimental
measurements was used in the 1-D simulation. The location of the pullback signal is different
from experiment due to the quasi-elastic release behavior in the experimental data that
cannot be captured using 1-D simulations.
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Figure 73: Rear free surface velocity vs. time for both experimental and simulated impact
of Al 5083-H116 near 430 m/s. The simulated data was fit to the HEL and peak state for
this simulation. The pullback velocity is similar, as the spall strength from experimental
measurements was used in the 1-D simulation. The location of the pullback signal is different
from experiment due to the quasi-elastic release behavior in the experimental data that
cannot be captured using 1-D simulations.
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Figure 74: Rear free surface velocity vs. time for both experimental and simulated impact
of Al 5083-H116 near 690 m/s. The simulated data was fit to the HEL and peak state for
this simulation. The pullback velocity is similar, as the spall strength from experimental
measurements was used in the 1-D simulation. The location of the pullback signal is different
from experiment due to the quasi-elastic release behavior in the experimental data that
cannot be captured using 1-D simulations.
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Figure 75: Rear free surface velocity vs. time for both experimental and simulated impact
of Al 5083-H116 near 830 m/s. The simulated data was fit to the HEL and peak state for
this simulation. The pullback velocity is similar, as the spall strength from experimental
measurements was used in the 1-D simulation. The location of the pullback signal is different
from experiment due to the quasi-elastic release behavior in the experimental data that
cannot be captured using 1-D simulations.
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9.2.2 Modeling of Spall Response
The spall behavior for each of the three Al 5083 microstructures (rolled Al 5083-H116,
Al 5083 processed using ECAP, and stretched and annealed Al 5083 with an equiaxed
grain structure) was simulated for impact near 430 m/s. The peak state (mean stress) was
modeled using the EOS data presented in the previous section.
The viscoplastic response was estimated using tensile test data available in the literature
[120, 121]. Tensile test data for the H116 and O (fully annealed) tempers as well as that
for Al 5083 processed using ECAP are shown in Table 12. The O temper was used to
estimate the viscoplastic behavior for the equiaxed grain structure, as it was stretched and
then annealed for 24 h prior to testing. The tensile data presented in Table 12 was used to
calculate the yield strength (σys) and strain hardening parameter (H ′) used in Equation
35. These two parameters were then modified to give the best fit to the HEL and shock
arrival time for each of the Al 5083 samples.
Table 12: Tensile test data for Al 5083 for different processing conditions. The three
materials are strain hardened (H116), processed using ECAP, and fully annealed (O). [120,
121]
σys [MPa] σuts [MPa] Elongation [%]
H116 228 317 16
ECAP 290 366 18
O 145 290 22
The spall response after the pullback was modeled by varying the spall strength (σspall)
and damage parameter (D0) from the Cochran and Banner spall model [107]. The spall
strengths were increased from the measured values so that the simulated data after the
pullback velocity could intersect the measured free surface velocity data. The best fits of
the viscoplastic input variables (σys and H ′), the measured and simulated spall strength
values (σspall,meas and σspall,sim), and the simulated damage parameter are listed in Table
13. In all cases, the simulated spall strength is artificially higher than the measured value
and is not intended to be a true representation of the spall strength. Instead, the parameter
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of interest for these simulations is the damage parameter, which varies from 14 μm for the
equiaxed grain structure to 24 μm for the rolled plate microstructure.
Table 13: Variables used to calculate the deviatoric stress and spall behavior in one-












H116 210 1.3 0.82 0.969 24
ECAP 290 1.2 0.90 0.960 20
Equiaxed 210 1.6 0.86 0.960 14
The best fits of the simulated free surface velocity data to the experimental data for
the rolled plate, the material processed using ECAP, and the material with an equiaxed
grain structure are presented in Figures 76–78 respectively. Only a single HEL value can
be obtained for simulations with the 1-D model used, as opposed to yielding over a variety
of free surface velocities evidenced in the experimental data. Therefore, an average HEL
value was fit to the experimental data by varying σys and H ′. As shown in Table 13, the
fitted yield strength values show good agreement with the data available in the literature
(shown in Table 12). The yield strength for the equiaxed grain structure was larger than
the literature value, as this sample showed upper and lower yielding behavior. The upper
yield point resultant from the stress required to nucleate dislocations [112] yields a higher
average HEL value than predicted using the tensile test data for a fully annealed specimen.
As mentioned previously, the simulated pullback velocity (resultant form the simulated spall
strength value) was intentionally larger than that from experiments so that the data after
the pullback could be superimposed. Specifically, the slope during re-compression was an
important feature to be fit as this will depend on the value chosen for the damage parameter
(D0). D0 describes the void size distribution prior to coalescence [107]. In each case, the
simulation shows a good fit to the experimental data after the velocity pullback, indicating
that D0 is a good estimation of the void sizes for each of the microstructural states studied.
The next section will quantify the grain and inclusion sizes for each of these microstructures
and relate them to the simulated D0 value.
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Figure 76: Rear free surface velocity vs. time for both experimental and simulated impact
of Al 5083-H116 near 430 m/s using a spall damage model. The simulated data was fit
to the first peak after the pullback velocity using the spall damage parameter from the
Cochran and Banner [107] model. The spall strength was arbitrarily increased so that the
free surface velocity during release and recompression would intersect. The release data
does not match the experimental data due to quasi-elastic release behavior that cannot be
captured using 1-D simulations.
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Figure 77: Rear free surface velocity vs. time for both experimental and simulated impact of
Al 5083 processed using ECAP. The simulated data was fit to the first peak after the pullback
velocity using the spall damage parameter from the Cochran and Banner [107] model. The
spall strength was arbitrarily increased so that the free surface velocity during release and
recompression would intersect. The release data does not match the experimental data due
to quasi-elastic release behavior that cannot be captured using 1-D simulations.
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Figure 78: Rear free surface velocity vs. time for both experimental and simulated impact
of Al 5083 with an equiaxed grain structure. The simulated data was fit to the first peak
after the pullback velocity using the spall damage parameter from the Cochran and Banner
[107] model. The spall strength was arbitrarily increased so that the free surface velocity
during release and recompression would intersect. The release data does not match the
experimental data due to quasi-elastic release behavior that cannot be captured using 1-D
simulations.
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9.3 Comparison of Microstructure to Simulation
The previous section discussed the use of 1-D simulations to obtain a damage parameter,
D0, which describes void size just prior to complete coalescence. Specifically, D0 is the void
volume per unit void cross-sectional area within the spall plane and has units of length
(see Equation 25). Equation 25 can be simplified to that given by Equation 40, where the





Equation 40 shows that D0 depends on the void size to the third power, making r2 the
dominant parameter affecting D0. Thus, if a microstructural feature is responsible for the
spall behavior of the Al 5083 specimens tested, then it is expected that the size of this feature
should be similar to r2. As shown in Appendix B, the characteristic void size ranges from
5.74 μm to 7.20 μm for recovered Al 5083-H116 specimens. These void sizes are similar
to both the through thickness grain size (9 μm) and the size of brittle particles such as
inclusions and dispersoids for Al 5083-H116. The next sections will quantify the grain and
inclusion size for each of the three Al 5083 microstructures to show which microstructural
feature is controlling the spall response.
9.3.1 Grain Size
The grain structures for each of the three Al 5083 microstructures are shown in Figures
34, 44, and 54 with the grain size varying by several orders of magnitude. The grain size
for each of these three sample types was 9 μm for Al 5083-H116 in the through-thickness
direction, 0.4 μm for the ECAP specimen, and 34 μm for the sample with equiaxed grains.
If the grain size is the dominant microstructural feature affecting the spall response, then D0
should vary widely for each of the three microstructures; however, as shown in Table 13, this
is not the case. D0 is of the same order of magnitude for each of the three microstructural
states and varies from 14 μm for the equiaxed sample to 24 μm for the rolled plate sample.
A plot of D0 versus the grain size for each microstructure is shown in Figure 79.
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Figure 79: Simulated damage parameter vs. grain size of Al 5083 samples with different
microstructures. The materials studied were a rolled Al 5083-H116 plate, Al 5083 processed
using ECAP, and Al 5083 with an equiaxed grain structure. The simulated damage size
parameter does not match the trends in grain size.
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If there is any trend for D0 as a function of the grain size, it is an inverse trend; however,
this trend is not one-to-one, as the sample processed using ECAP (having the smallest
grain size) has a D0 value slightly smaller than the rolled specimen, which has a much
larger grain size. The simulated D0 values suggest that grain size is not the microstructural
feature affecting the spall response. Instead, the microstructural feature should be similar
in size for each of the three microstructures studied. The next section will discuss the trends
in the size of the inclusion and dispersoid phases (which are similar for each of the three
microstructures) compared to D0.
9.3.2 Inclusion and Dispersoid Size
Al 5083 contains iron and silicon rich inclusions present from the casting process as well as
manganese rich dispersoid phases formed from solid solution during pre-heat treatments.
These phases are brittle and are known to crack during dynamic tension, often resulting
in decreased spall strength [44]. For every microstructure studied in this research, these
brittle particles have been present in the fracture surface and next to large voids at the
spall plane (see for example Figures 41, 42, and 53). The size of these brittle particles
for each of the three Al 5083 microstructures can be seen in Figure 80. Figures 80(a) and
80(c) show several instances of cracked inclusions with small broken particles nearby for
Al 5083-H116 and Al 5083 with an equiaxed grain structure. The equiaxed grain structure
shows an especially large number of such small cracked particles. This microstructure was
produced by first stretching the rolled Al 5083-H116 plate followed by annealing, so it is
likely that stretching resulted in even greater instances of particle cracking than for the
original rolled plate. The material processed using ECAP, shown in Figure 80(b), shows
mainly large intact particles.
The areal number density (NA) of dispersoids and inclusions was calculated using mi-
crographs such as those shown in Figure 80. The areal particle size distribution for each
of the three Al 5083 microstructures are shown in Figures 81–83. The distributions show
that the equiaxed microstructure displays a large number of very small particles (between
2.3 μm and 4.6 μm), but the ECAP microstructure displays a smaller number density of
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Figure 80: Optical microscope images showing inclusions and dispersoid phases in Al 5083
for a variety of processing conditions. The different specimens correspond to (a) rolled Al
5083-H116, (b) Al 5083 processed using ECAP, and (c)Al 5083 stretched and annealed to
produce an equiaxed grain structure. Al 5083 processed using ECAP shows mainly large
intact particles. Al 5083 processed using rolling or with equiaxed grains show regions with
many small particles due to cracking of larger particles.
particles that are much larger (greater than 11.6 μm). The rolled plate shows particle sizes
and number densities lying between these two extremes.
The total areal number density of particles for each microstructure was calculated by
plotting the number density of particles greater than a given size (NA,G), shown in Figure 84.
The data were fit with an exponential equation employing non-linear least-squares regression
for each dataset. The extrapolated value of the exponential fit as size goes to zero then
gives the total areal number density of particles (NA). Figure 84 shows that the equiaxed
microstructure has the largest value of NA, followed by the rolled plate and the plate
processed using ECAP respectively. This data matches with the qualitative observations
from Figure 80, whereby the ECAP microstructure displayed a small number of intact
particles, but the rolled plate and equiaxed microstructures displayed several small cracked
particles.
The values of NA from the exponential fits in Figure 84 along with the average particle
size (< D >) for each Al 5083 microstructure are listed in Table 14. If these two parameters
are inserted into Equation 40, it yields a measured damage parameter variable D0,meas for
the brittle particles present in the Al 5083 microstructure. D0,meas is also listed in Table 14
for each microstructure. If these particles are the dominant microstructural feature affecting
the spall behavior of Al 5083, then the simulated damage parameter value from the Cochran
and Banner [107] model should be similar to the measured value for each microstructure.
152
Figure 81: Areal size distribution of brittle particles in rolled Al 5083-H116
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Figure 82: Areal size distribution of brittle particles in Al 5083 processed using ECAP
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Figure 83: Areal size distribution of brittle particles in Al 5083 with an equiaxed grain
structure
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Figure 84: Areal density of brittle particles larger than a given size for Al 5083 processed
under different conditions. The materials studied were a rolled Al 5083-H116 plate, Al
5083 processed using ECAP, and Al 5083 with an equiaxed grain structure. The equiaxed
microstructure displays a larger number density of small particles compared to the rolled
plate. The ECAP microstructure displays a smaller number density of large particles.
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The simulated versus the measured values of the damage parameter are plotted in Figure
85.
Table 14: Parameters quantifying the microstructure of brittle particles in Al 5083 for
different processing conditions. The parameters are the areal density of particles (NA), the
average particle size (< D >), and the measured damage size parameter (D0,meas)
NA [cm
−2] < D > [μm] D0,meas [μm]
H116 1.39 x 105 8.6 23
ECAP 4.23 x 104 13.8 22
Equiaxed 3.53 x 105 5.4 14
Figure 85 shows a clear increasing trend in the measured damage parameter relative to
the simulated damage parameter. The data are fit with a line that intersects the origin.
Since the linear fit has a slope near unity (0.99), this proves that the relationship between the
two damage parameters is one-to-one. The data suggests that changes to the inclusion size
and distribution (quantified by < D > and NA respectively) are responsible for the changes
in the simulated damage parameter for each microstructure. The simulated parameter
models the distribution of voids prior to coalescence due to spall; therefore, the simulated
data and the microstructures quantified in this chapter provide quantitative evidence that
inclusions—and not grain boundaries—are the dominant microstructural feature affecting
the spall behavior of Al 5083.
9.4 Conclusions
The measured free surface velocity data for plate impact testing of Al 5083 was simulated
using the Shock-1D program and the Cochran and Banner spall model. Simulations were
performed for rolled Al 5083-H116 plate, Al 5083 processed using ECAP, and Al 5083
stretched and annealed to produce an equiaxed grain structure. The simulations provided
a value of the damage parameter, which is related to the size and distribution of voids prior
to coalescence, for each of the microstructures studied. The damage parameter ranged from
14 μm for the equiaxed microstructure to 24 μm for the rolled plate microstructure. The
damage parameter value was widely different from the measured grain sizes, which varied
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Figure 85: Simulated damage parameter vs. measured damage parameter using the size and
distribution of brittle particles. The simulated damage parameter was fit to experimental
plate impact data using the Cochran and Banner spall model [107]. The measured damage
parameter was calculated using the average size and areal density of brittle particles for
each microstructure.
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by orders of magnitude between each sample type. Instead, the size and areal distribution
of brittle particles, such as inclusions and dispersoids, matched well with the trends in
the damage parameter. A measured damage parameter value calculated using the size
distributions of brittle particles shows a one-to-one correlation with the damage parameter
obtained from simulations. The results indicate that the brittle particles are overwhelmingly
responsible for the spall response of Al 5083, which has been suggested in previous chapters
due to the presence of such particles near damaged regions observed in recovered specimens.
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CHAPTER 10
INFLUENCE OF MICROSTRUCTURE ON SPALL STRENGTH AND
HUGONIOT ELASTIC LIMIT IN AL-MG ALLOYS
This chapter discusses the trends in the spall strength and the Hugoniot elastic limit (HEL)
as a function of the four microstructures investigated in this work. The microstructures
corresponded to that of a rolled Al 5083-H116 plate, sub-micron grained Al 5083 formed
using equi-channel angular pressing (ECAP), equiaxed grain microstructure produced by
stretching and annealing the rolled Al 5083-H116 plate, and precipitation hardened mi-
crostructure of an Al-9wt.% Mg alloy. The corresponding details of the microstructure for
each material are summarized in Table 15.
10.1 Peak Stress Dependence of the HEL and Spall Strength
10.1.1 Hugoniot Elastic Limit (HEL)
The HEL values for all microstructures studied for plate impact using 10 mm thick speci-
mens are shown in Figure 86 as a function of the peak stress. It can be seen that for any given
microstructure, the HEL varies little with the peak stress. The effects of microstructure
on the HEL can be ascertained by comparing the data points near a peak stress of 3 GPa
in the figure. Using the rolled Al 5083 plate as a baseline, it is obvious that the equiaxed
microstructure shows less resistance to dynamic yielding, having an HEL value (0.32 GPa)
significantly less than that of the rolled plate (0.45 GPa). The equiaxed microstructure was
produced by annealing a pre-strained rod, which would also remove a significant amount of
dislocation density. It is expected that this softer material would display a decreased HEL
value. Increasing resistance to dynamic yielding is observed for both the microstructure
produced by ECAP (0.48 GPa) and that produced by precipitation hardening (0.52 GPa).
These two materials attain their strengthening in different ways—one by severe plastic de-
formation, and the other by aging heat treatment. The average HEL value is highest for the










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 86: Hugoniot elastic limit (HEL) values as a function of the peak stress for all
microstructures investigated. The four samples were a rolled Al 5083-H116 plate, an Al 5083
plate pressed four times using ECAP, Al 5083 with an equiaxed grain structure produced
by stretching and annealing, and a precipitation hardened Al-9wt.% Mg plate. Impact was
performed through the plate thickness in each case.
just within the error bars and is also significantly larger than the baseline, rolled plate, HEL
value. A high HEL value is indicative of increased penetration resistance; therefore, the
precipitation hardened Al-9wt.% Mg material and Al 5083 processed using ECAP should
both display good resistance to penetration during ballistic impact.
10.1.2 Spall Strength
The spall strength values for all microstructures studied for plate impact experiments using
10 mm thick target specimens are presented in Figure 87 as a function of the peak stress.
For each microstructure, the spall strength also shows little peak stress dependence, except
for the case of the equiaxed grain structure, which shows a possible increasing trend with
peak stress, but within the range of the large error bars. Ductile materials do not often
display peak stress dependence unless the stress is large enough to melt the material or
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Figure 87: Spall strength values as a function of the peak stress for all microstructures
investigated. The four samples were a rolled Al 5083-H116 plate, an Al 5083 plate pressed
four times using ECAP, Al 5083 with an equiaxed grain structure produced by stretching
and annealing, and a precipitation hardened Al-9wt.% Mg plate. Impact was performed
through the plate thickness in each case.
induce a high pressure phase change [44]. With the rolled Al 5083 plate again acting as the
baseline, the trends in the spall strength near a peak stress of 3 GPa can be used to compare
all of the microstructures studied. In contrast to the HEL trends, where the precipitation
hardened microstructure displayed the highest value, this same microstructure displays the
lowest spall strength value (0.72 GPa). Increases in the spall strength are observed for
both of the more uniform microstructures—the equiaxed microstructure (0.86 GPa) and
the microstructure produced by ECAP (0.90 GPa). It is interesting that both of these
microstructures result in higher spall strength compared to the rolled plate (0.80 GPa),
despite a large difference in the grain size (34 μm for the equiaxed microstructure versus
0.4 μm for the ECAP microstructure respectively). The next section will discuss the grain
size dependence of the HEL and spall strength for impact near 3 GPa.
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Figure 88: Hugoniot elastic limit (HEL) values as a function of the grain size for all Al
5083 microstructures investigated. The three samples were a rolled Al 5083-H116 plate, an
Al 5083 plate pressed four times using ECAP, and Al 5083 with an equiaxed grain structure
produced by stretching and annealing. Impact was performed through the plate thickness
near 3 GPa in each case.
10.2 Grain Size Dependence of the HEL and Spall Strength
10.2.1 Hugoniot Elastic Limit (HEL)
Figure 88 displays the HEL as a function of the grain size for all Al 5083 microstructures
impacted near 3 GPa using 10 mm thick specimens. Since the precipitation hardened mate-
rial was a different composition than that of Al 5083, it was excluded from the comparison
in Figure 88. There is an obvious decrease in the HEL with increasing grain size, as would
be expected consistent with the Hall-Petch relationship. The ECAP microstructure, having
approximately 0.4 μm grain size, displays the highest HEL value for any of the Al 5083 mi-
crostructures studied. Refining the grain size thus results in increased resistance to dynamic
yielding and thus increased penetration resistance for armor plates.
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10.2.2 Spall Strength
Figure 89 displays the spall strength as a function of the grain size for all Al 5083 mi-
crostructures impacted near 3 GPa using 10 mm thick specimens. In contrast to the HEL,
the spall strength shows no obvious trend with grain size. Both increasing the grain size by
stretching and annealing the rolled plate and decreasing the grain size through ECAP re-
sults in increased spall strength. This is similar to results of experiments shown in Chapter
5 along each direction of the rolled plate. In that case, impact in both the short transverse
and long transverse directions resulted in identical values of the spall strength despite a
large difference in the grain size for each direction (9 μm vs. 39 μm respectively). Fur-
thermore, as shown in Chapter 9, brittle particles such as inclusions and dispersoids are
most responsible for nucleating voids during spalling, regardless of the grain size. Hence it
appears that grain size is not a direct metric for predicting changes to the spall strength or
blast resistance of Al-Mg alloy armor plates when impacted using similar conditions. The
next section will explain why the trends in spall strength with grain size are more complex.
10.3 Decompression Rate Dependence of the Spall Strength
Chapter 4 discussed the decompression rate dependence of the spall strength for Al 5083-
H116. The decompression rate can be experimentally varied by changing the impact velocity,
flyer plate material, or target sample thickness. This section will discuss the effects of
microstructure on the decompression rate, and the rate dependence, on the spall strength.
Figure 90 displays the spall strength as a function of the decompression rate, given by
Equation 26, for all plate impact spall experiments performed in this work. It can be seen
that the spall strength for every microstructure studied obeys a power law function with
the decompression rate. The change in decompression rate in Figure 90 is due to changes in
the impact velocity, sample thickness, microstructure, and impact direction. The next two
sections will discuss the effects of microstructure and impact direction on the spall strength
trends with decompression rate, so that the material effects can be differentiated from the
experimental impact conditions.
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Figure 89: Spall strength values as a function of the grain size for all Al 5083 microstructures
investigated. The three samples were a rolled Al 5083-H116 plate, an Al 5083 plate pressed
four times using ECAP, and Al 5083 with an equiaxed grain structure produced by stretching
and annealing. Impact was performed through the plate thickness near 3 GPa in each case.
166
Figure 90: Spall strength values as a function of the decompression rate for every plate
impact experiment performed. The data are fit with a power law function.
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10.3.1 Effects of Al 5083 Microstructure
Figure 91 displays the spall strength as a function of the decompression rate for every
through-thickness plate impact spall experiment performed on Al 5083 samples. Each Al
5083 microstructure (having widely different grain sizes) displays a unique power law fit with
the decompression rate. The equiaxed grain structure, having the largest grain size, displays
the smallest power law exponent, and the exponent progressively increases as the grain size
decreases (equiaxed → rolled plate → ECAP). Figure 91 also shows that changes to the
microstructure for a given grain size (due to strain hardening or cracking of inclusions) occur
by moving along that microstructure’s decompression curve. For example, the curve for the
ECAP specimens includes data for samples that were given post-ECAP rolling. This did
not affect the grain size significantly, but it did increase dislocation density and align and
crack inclusions. It can be seen that post-ECAP rolling resulted in a lower decompression
rate compared to similar impact conditions with the sample only processed with ECAP.
This in turn resulted in a lower spall strength.
It is interesting that grain size plays such a significant role in the decompression rate
dependence of the spall strength, as there is otherwise no obvious trend for the spall strength
as a function of the grain size for similar impact conditions (see Figure 89). Figure 91 gives
some explanation for this behavior, as seen by the three data points corresponding to impact
with a peak stress near 3 GPa using 10 mm thick samples. While the impact conditions were
essentially identical for these three experiments, the decompression rates are widely different
for each microstructure. In addition, decompression rate dependence of spall strength,
quantified by the fitted power law exponents, is also different for each microstructure.
Consequently, the spall strength versus decompression rate curve for the equiaxed grain
structure in Figure 91 (having the lowest power law exponent and lowest decompression
rate for impact near 3 GPa), is above the curve for the rolled plate microstructure in
this region. The spall strength curve for the material processed using ECAP (having the
highest power law exponent and highest decompression rate for impact near 3 GPa), is
near the intersection point with the rolled plate’s curve, which also results in a higher spall
strength. Thus, for a given set of impact conditions, the spall strength for a particular
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Figure 91: Spall strength values as a function of the decompression rate for impact through
the thickness of Al 5083 having different microstructures. The data for each microstructure
type (rolled Al 5083-H116 plate, Al 5083 processed with ECAP, and Al 5083 with equiaxed
grain structure) are fit with a power law function, with each microstructure displaying a
unique power law exponent. Identical peak stress values and plate thicknesses resulted in
widely different decompression rates for each microstructure, which explains the differences
in the spall strength values as a function of the microstructure.
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grain size depends on decompression rate and decompression rate power law exponent for
the corresponding microstructure. The trends in the rate dependence of the spall strength
with grain size will be quantified in Section 10.3.3.
10.3.2 Effects of Impact Orientation
Plotting the spall strength versus the decompression rate also explains the effects of impact
orientation on the spall strength. As described in Chapter 5, the spall strength for rolled Al
5083-H116 plate was lower for impact through the plate thickness (in the short transverse
direction) and highest for impact in the rolling (longitudinal direction). The spall strength
as a function of the decompression rate for rolled Al 5083-H116 is shown in Figure 92 for
impact in both the short transverse and longitudinal directions. These two impact directions
have widely different grain sizes (9 μm vs. 66 μm respectively), and display different power
law fits to the data. Similar to the fits shown in Figure 91, the power law exponent increases
as the grain size decreases (longitudinal direction → short transverse direction).
The spall strength versus decompression rate is shown in Figure 93 for impact along
different orientations of the plates processed using ECAP. The specimens processed with
ECAP had a uniform grain structure with an approximate grain size of 0.4 μm along any
direction of the plate. As Figure 93 shows, the power law fits are similar for impact in the
short transverse or long transverse directions. This provides further evidence that the grain
size controls the power law fitting constants for spall strength with decompression rate.
10.3.3 Trends in Power Law Fits
The power law fits displayed in Figures 90–93 have fitting constants A and m (see Equation
38). The fitting constants are plotted against grain size in Figures 94 and 95 respectively
for the three different Al 5083 microstructures. The fitting constants for impact along the
longitudinal direction of the rolled plate are included to yield data for grain sizes ranging
from 0.4 μm to 66 μm. Figures 94 and 95 show that the constant, A, increases linearly
with increasing grain size, while the exponent, m, decreases logarithmically with increasing
grain size. Thus, decreasing the grain size can drastically increase the decompression rate
dependence of the spall strength for Al 5083.
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Figure 92: Spall strength values as a function of the decompression rate for impact along
different orientations of an Al 5083-H116 plate. The data for each impact direction are
fit with a power law function, with the longitudinal direction showing a lower power law
exponent than for the through-thickness (short transverse) direction.
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Figure 93: Spall strength values as a function of the decompression rate for impact along
different orientations of Al 5083 processed using ECAP. The data for each impact direction
are fit with a power law function, with both directions having similar power law exponents.
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Figure 94: Fitted power law multiplier describing spall strength vs. decompression rate for
Al 5083, plotted as a function of the grain size. The power law multiplier increases linearly
with grain size.
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Figure 95: Fitted power law exponent describing spall strength vs. decompression rate for
Al 5083, plotted as a function of the grain size. The power law exponent shows a logarithmic
decrease with increasing grain size.
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10.4 Conclusion
Four different microstructures were produced in various Al-Mg alloys by varying the pro-
cessing conditions. These four microstructures are a rolled Al 5083-H116 plate, Al 5083
with sub-micron grains formed using equi-channel angular pressing (ECAP), Al 5083 with
an equiaxed grain structure produced by stretching and annealing the rolled Al 5083-H116
plate, and a precipitation hardened microstructure for an Al-9wt.% Mg alloy. The spall
strength and HEL show little peak stress dependence for any of the four microstructures
produced. The HEL for Al 5083 shows a clear increase with decreasing grain size, as would
be expected for a Hall-Petch type relationship, but the spall strength shows no trends with
grain size for similar impact conditions. However, the grain size does control the decompres-
sion rate dependence for each microstructure, with smaller grain size resulting in a higher
power law exponential fitting term describing spall strength as a function of decompression
rate.
When impacted similarly near a peak stress of 3 GPa, the equiaxed grain structure
results in decreased HEL and increased spall strength when compared to the rolled Al 5083
plate. The precipitation hardened microstructure results in increased HEL and decreased
spall strength. Finally, the microstructure produced by ECAP results in both increased
HEL and increased spall strength, making this processing technique the ideal candidate for




This research investigated the effects of microstructure on the dynamic tensile fracture
(spall) and dynamic yielding behavior of Al 5083 and similar Al-Mg alloys. The overall
objective of this research was to determine the influence of processing methods and resultant
microstructure on the spall and Hugoniot elastic response of Al-Mg alloys for superior armor
plate performance. The spall response was experimentally measured using symmetric (same
material) plate impact testing in a single-stage light-gas gun. Experiments were performed
at peak stresses ranging between 1.4 and 6.2 GPa and as a function of plate orientation
with respect to the direction of impact.
11.1 Summary of Results
For the experimental conditions used in this work, it was found that the change in stress
pulse duration (resultant from changing the flyer plate thickness from 3 mm to 5 mm)
had little effect on the spall strength, as the duration from either experiment was long
enough to influence similar nucleation and growth of voids. Instead, changing the sample
plate thickness had a profound effect on the spall strength values of Al 5083-H116, with
the spall strength decreasing from 1.09 GPa for a 6 mm thick sample to 0.83 GPa for a
10 mm thick sample impacted using 3 mm thick flyer plates. The higher spall strength
for thinner samples is due to the increase in the decompression rate from the peak stress
state. The HEL showed no dependence on the flyer plate or target sample thickness for
these experiments.
Baseline experiments were focused on widely available Al 5083-H116 plate, which has a
highly textured grain structure and some degree of brittle inclusions and dispersoids located
near grain boundaries. The average HEL and spall strength for the H116 samples are 0.43
GPa and 0.81 GPa respectively. Experiments that used thinner target samples resulted
in a higher spall strength value of 0.95 GPa due to a faster decompression rate, but the
176
HEL was unaffected by changes to the flyer plate or sample thickness. For impact along
multiple plate directions, the long transverse direction displayed the largest HEL at 0.465
GPa, followed by the short transverse direction and longitudinal directions at 0.44 GPa
and 0.40 GPa respectively. The longitudinal direction displayed the highest spall strength
of 1.06 GPa as compared to 0.95 GPa along either transverse direction—despite a large
difference in grain size for these two orientations (9 μm versus 39 μm).
Post impact microscopy revealed that the damage for impact along the longitudinal
direction took a more tortuous path through the microstructure than for the other two
directions. Spall damage often propagated along the grain boundaries in the direction of
impact rather than growing laterally across the sample. The large grain size in this direction
prevented this type of spall damage from coalescing, which could account for the higher
spall strength along the direction of impact. SEM images of the fracture surfaces revealed a
ductile dimpled fracture surface for both the longitudinal and long transverse directions, but
a mixed mode of intergranular and dimple fracture for impact through the thickness of the
plate. This mixed fracture mode corresponds to a shoulder in the free surface velocity data
observed just after the velocity pullback. The effects of brittle inclusions as spall nucleation
sites are seen in all recovered samples, with cracked and debonded inclusions occurring near
large voids in all cases.
In contrast to the textured grain structure investigated for the rolled plate, a uniform
microstructure was investigated in the form of Al 5083 plates processed using equi-channel
angular pressing (ECAP). Processing using ECAP alone resulted in a uniform (0.4 μm grain
size) grain structure consisting largely of sub-grains and low angle grain boundaries. Large
inclusions and dispersoid particles were present in the microstructure after ECAP, but the
particles were uniformly dispersed. Post-ECAP rolling cracked the brittle particles and
aligned them along the rolling direction. The alignment and cracking of these brittle phases
during processing ultimately controlled the spall behavior of the Al 5083 plates.
The plate processed using ECAP alone showed both increased spall strength and HEL
when compared to a standard rolled plate. The spall strength and HEL have values of
0.90 GPa and 0.48 GPa respectively for impact through the plate thickness. In addition,
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the plates processed using ECAP show little orientation dependence for either property.
Subsequent rolling of the ECAP plates resulted in significant increases to the HEL, but
at the expense of the spall strength. The HEL values were 0.72 GPa and 0.63 GPa for
two differently rolled plates—one processed using warm and cold rolling, and the other
processed only using cold rolling after ECAP. The spall strength, on the other hand, de-
creased dramatically through the plate thickness for both samples rolled after ECAP. The
through-thickness spall strength was 0.60 GPa for the sample processed using warm and
cold rolling and 0.74 GPa for the sample processed using cold rolling. Post-ECAP rolling
also resulted in orientation dependent spall properties. For experiments performed along
all three plate orientations, the spall strength fell from a maximum value of 1.09 GPa for
both samples processed using post-ECAP rolling. The spall strength fell to 0.72 GPa for
the sample processed using warm and cold rolling and to 0.84 GPa for the sample processed
using cold rolling alone. The minimum in spall strength was for impact through the plate
thickness in both cases. Post-impact microscopy showed that spall damage grows from large
and damaged inclusions for these sample types. Since rolling aligns brittle particles along
planes perpendicular to the through-thickness direction, the number of spall nucleation sites
is maximized for impact in this direction.
Stretching and annealing a rolled Al 5083-H116 plate resulted in an equiaxed grain
structure with a 34 μm grain size. Plate impact testing of this material between 1.4 and
5.5 GPa revealed an upper and lower yielding behavior at the HEL. The lower HEL value
remained relatively constant at 0.33 GPa, but the upper HEL value increased from 0.38
GPa to 0.48 GPa as peak stress increased. It is believed that the upper yield point is
related to the stress necessary to nucleate dislocations. The lower yield behavior is due to
ease of deformation after dislocations have already been nucleated and corresponds well to
the DeBroglie limiting HEL value of 0.24 GPa. The spall strength of the equiaxed grain
structure was 0.87 GPa, which is higher than that of the rolled Al 5083 plate measured over
a similar peak stress range.
An Al-9wt.% Mg alloy with trace additions of silver was found to be precipitation
hardenable when heat treated properly. The high magnesium content required that the
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material be solution treated using a two-step heat treatment method. Age hardening after
this two-step heat treatment resulted in more instances of bulk precipitation, rather than
precipitation at the grain boundaries. Three specimens were tested using plate impact
experiments near 3 GPa—the as-extruded plate, a dual solution heat treated sample, and
a precipitation hardened sample. Precipitation hardening resulted in the largest value of
the HEL at 0.52 GPa, but the lowest value of the spall strength at 0.72 GPa. The solution
treated specimen displayed an identically low spall strength value of 0.73 GPa, while the
as-received plate displayed the largest spall strength value of 0.87 GPa. The results indicate
that precipitates have no effect on the spall strength for Al-Mg alloys, with strain hardening
being the better strengthening mechanism for these alloy types.
Figures 96 and 97 summarize the high strain-rate behavior of Al-Mg alloys as a function
of the processing conditions used in this project. The VISAR free surface velocity data
for all four of the microstructures investigated is shown in Figure 96 for a similar impact
velocity near 430 m/s. This velocity corresponds to the middle of the investigated peak
stress range, having a value near 3 GPa. The spall strength and HEL values for impact
through the plate thickness for the four microstructures investigated is shown in Figure 97.
Using the rolled plate as the baseline, the HEL can be increased using either ECAP
or precipitation hardening; however, precipitation hardening is not an effective means of
increasing the spall strength, as the precipitation hardened sample displays the lowest spall
strength of any microstructure. The equiaxed microstructure displays a lower HEL value
due to the lower dislocation density produced by annealing. Both the equiaxed grain struc-
ture and the grain structure produced by ECAP result in increases to the spall strength,
despite large differences in the grain size (34 μm versus 0.4 μm respectively). In fact one-
dimensional modeling using the Cochran and Banner spall model has shown that the grain
size is not related to the distribution of voids formed during spalling. Instead, the size
and number density of brittle particles (such as inclusions and dispersoids) controls void
formation for spalling of Al 5083. However, the grain size does control the decompression
rate dependence of the spall strength, with smaller grain size resulting in more dependence
on the decompression rate.
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Figure 96: Free surface velocity traces for all microstructures investigated. The four samples
were a rolled Al 5083-H116 plate, an Al 5083 plate pressed four times using ECAP, Al 5083
with an equiaxed grain structure produced by stretching and annealing, and a precipitation
hardened Al-9wt.% Mg plate. Impact was performed through the plate thickness near 3
GPa in each case.
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Figure 97: Spall strength and HEL values for all microstructures investigated. The four
samples were a rolled Al 5083-H116 plate, an Al 5083 plate pressed four times using ECAP,
Al 5083 with an equiaxed grain structure produced by stretching and annealing, and a pre-
cipitation hardened Al-9wt.% Mg plate. Impact was performed through the plate thickness
near 3 GPa in each case.
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Processing via ECAP alone shows promise for increasing the impact resistance of alu-
minum alloy plates, as this resulted in the best combination of both HEL and spall strength
when compared to similar impact conditions with other microstructures. The grain struc-
ture produced by ECAP is uniform throughout the plate, which removes the orientation
specific spall properties evidenced in a rolled plate. Furthermore, the inclusions (which con-
trol void formation) are also uniformly dispersed, which results in a smaller number density
of spall failure sites for the plane normal to the through-thickness direction. Therefore, pro-
cessing using ECAP is expected to yield better penetration resistance and blast resistance
for Al 5083 armor plates.
11.2 Conclusions
The processing history of Al-Mg alloy armor plates affects the underlying microstructure,
which ultimately determines the dynamic yield and fracture properties (quantified by the
HEL and spall strength respectively). Al-Mg armor plates are normally processed through
rolling, with a large degree of cold rolling to promote significant strain hardening. Strain
hardening increases the HEL, resulting in better ballistic properties. Rolling of Al 5083
also results in a textured grain structure with grains aligning along the rolling direction
and thinning in the through-thickness direction. The textured microstructure results in
varying HEL and spall strength values with impact orientation. For these experiments, the
longitudinal direction displayed the highest spall strength value.
The large difference in grain size along each orientation of rolled Al 5083 plate results in
different decompression rate dependence of the spall strength, with impact through the plate
thickness (having the smallest grain size) resulting in the highest power law exponent for
spall strength versus decompression rate, and impact in the longitudinal direction (having
the largest grain size) resulting in the lowest power law exponent. The effects of grain size
on the power law fit were also observed for equiaxed Al 5083 microstructures produced via
ECAP and annealing, with the power law exponent again increasing with decreasing grain
size. Thus, Al 5083 shows increasing decompression rate dependence with decreasing grain
size regardless of the processing route used to produce the grain structure.
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For identical impact conditions, the amount and orientation of brittle particles, such
as inclusions and dispersoids, is the most dominant microstructural feature affecting the
spall strength of Al 5083. Iron and silicon rich inclusions are formed during the casting
process, whereas manganese rich dispersoids are formed from solid solution during the
pre-heat treatment. The particles act as nucleation sites for spall damage and ultimately
determine the void size distributions formed during spallation. Rolling or stretching an
armor plate aligns and cracks the brittle particles in the longitudinal direction, which results
in a larger number density of brittle particles within the short transverse plane, making void
nucleation (and spalling) easier for impact perpendicular to this direction. Rolling of plates
containing large brittle particles (as in the ECAP microstructure) results in especially poor
spall strength through the plate thickness.
Al-Mg alloys with high magnesium content (along with trace silver additions) are pre-
cipitation hardenable; however, precipitate phases do not affect the spall strength in these
materials. Heat treatment at high temperature (> 400◦C), such as solution treatment or
annealing, removes significant dislocation density, which results in upper and lower yielding
at the HEL. Precipitation hardening removes this upper and lower yielding, and results in
increased HEL values, but it is at the expense of decreased spall strength.
Based on the results of this research, the best processing route for Al-Mg alloy armor
plate would use strain hardening, rather than heat treatment, to increase the HEL. In order
to increase the spall strength, the grain structure should be uniform and have a uniform
distribution of brittle particles, with the smallest number density of particles achievable.
Of the four microstructures studied, Al 5083 processed using ECAP is the best fit to these
requirements and shows promise for yielding superior armor plate material.
11.3 Suggestions for Future Work
More research should be performed on the use of ECAP as a processing technique for Al-Mg
alloy armor plates. Specifically, an alloy other than Al 5083, with lower iron and silicon
contents, should be investigated. This would result in a lower density of brittle inclusions
within the alloy, possibly leading to higher spall strength.
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In addition, the decompression rate dependence of Al 5083 should be investigated over a
larger range of decompression rates. The experiments presented within this thesis were per-
formed using a single-stage light-gas gun, which limits the available strain-rate range. Higher
strain rates could be investigated using multiple-stage gas guns, powder guns, explosive-
driven flyer plates, or laser-driven flyer plates. These experiments should also investigate





This appendix presents the equation of state (EOS) data for Al 5083-H116 in terms of the
shock velocity (US) versus the particle velocity (up). As shown in Equation 4, the EOS is
often a linear empirical equation, having an intercept of C0 and a slope of S. The EOS
data is listed in Table 4, and is plotted in Figure 98.
The data in Figure 98 were fit using linear least squares regression to yield a C0 value
of 5.2 and an S value of 1.0. This value of C0 is identical to the value of the bulk sound
speed (CB), listed in Table 3 for this material, which is an indicator that the measurements
are accurate.
The EOS data for Al 5083-H32 and Al 5083-H131 measured by Boteler and Dandekar
[94] are also included in Figure 98. The EOS for the H32 temper fits the measured H131
data extremely well. Since the H32 and H116 tempers have nearly identical mechanical
properties [115], it is expected that the EOS data would be similar. The EOS for the H131
temper has a higher C0 and S value than the H116 data presented in Figure 98. The
H131 temper has a higher bulk modulus than either the H32 or H116 temper, which would
account for the difference in the EOS data.
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Figure 98: Equation of state (EOS) plot for Al 5083-H116 impacted through the plate
thickness compared to other Al 5083 tempers. The EOS is a linear fit to the shock speed
versus particle velocity. The EOS data for the H32 and H131 tempers were published by




This appendix quantifies and discusses the void size distributions measured for the Al 5083-
H116 sample impacted through the plate thickness near 200 m/s. This is the only sample
that did not completely spall during plate impact testing, making it the only recovered
sample suitable for void size quantification prior to the completely spalled state. Post-
impact void counting was performed on the soft-recovered sample to quantify the void
volume fraction (fV ) and size distribution (Ng) as a function of location within the sample.
These data are shown in Figures 99 and 100 respectively. Figure 99 displays the volume
fraction of voids calculated from a standard point counting technique as a function of
distance from the spall plane. The volume fraction is roughly symmetric with respect to
the spall plane, and the highest degree of damage is at the spall plane itself. These data
are consistent with other plate impact spall tests available in the literature [44, 100].
The size distribution of the voids was quantified by measuring the areal density of voids
as a function of location within the sample, followed by using Saltykov’s [122] technique for
converting areal density to volume density. The data in Figure 100 are presented as the
cumulative void density (Ng), indicating the number density of voids greater than a given
size. The data is presented for five distance (d) intervals from the rear free surface.
The data in Figure 100 were fit with an exponential function given by Equation 41, where
N0 and R1 are the total number density of voids and a characteristic size fitting parameter
respectively. The best fit values of N0 and R1 from non-linear least squares regression are
given in Table 16. The values in Table 16 can be compared to the damage parameter from







Figure 99: Volume fraction of voids as a function of distance from the spall plane for an
Al 5083-H116 sample impacted near 200 m/s. Positive distances correspond to locations
approaching the rear surface, and negative distances correspond to locations approaching
the impact surface of the sample.
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Figure 100: Cumulative number density of voids as a function of distance from the rear
surface for an Al 5083-H116 sample impacted near 200 m/s
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Table 16: Exponential fitting parameters as a function of distance from the rear free surface












−3] 1.67 X 107 1.20 X 107 1.98 X 107 9.84 X 106 9.00 X 106
R1 [μm] 5.90 7.20 5.74 6.48 6.99
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